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NOMENCLATURE 
L,M,N - trivalent lanthanide cations (Sin,Nd,Ce) 
(HG)2 - dimeric molecule of di-(2-ethyIhexyl) 
phosphoric acid. 
- thermodynamic equilibrium constant for the 
extraction of M. 
- equilibrium hydrogen ion concentration in the 
aqueous phase (moles/1.). 
* 
x^ - molarity of lanthanide ion M in the equili­
brated aqueous phase for a single-component 
system. 
* 
y^ yj - molarity of lanthanide ion M in the equili­
brated organic phase for a single-component 
system. 
X^(M,N) - total molarity of lanthanides in the equili­
brated aqueous phase for a binary system M,N. 
Y^(M.N) - total molarity of lanthanides in the equili­
brated organic phase for a binary system M,N. 
Xj^(M,N) - equilibrium molarity in the aqueous phase of 
species M for a binary system M,N. 
yj^(M,N) - equilibrium molarity in the organic phase of 
species M for a binary system M,N. 
a/MfN) - mole fraction of species M in the equilibrated 
aqueous phase for a binary system M,N. 
= Xj^(M,N)/X^(M,N) . 
X^(L,M,N) - total molarity of lanthanides in the equili­
brated aqueous phase for a ternary system 
L,M,N. 
Y^(L,M,N) - total molarity of lanthanides in the equili­
brated organic phase for a ternary system 
L,M,N. 
Xj^(L,M,N) - equilibrium molarity in the aqueous phase of 
species M for a ternary system L,M,N. 
yj^(L,M,N) - equilibrium molarity in the organic phase of 
species M for a ternary system L,M,N. 
N„ (L,M,N) - mole fraction of species M in the equilibrated 
M. ^ A 
aqueous phase for a ternary system L,M,N 
= Xj^(L,M,N)/X^(L,M,N) . 
^ - concentration separation factor of species M 
with respect to N. 
^ - organic molarity of lanthanide M assuming 
ideal behavior (no interaction) in a multi-
component extraction system - partial 
extractability. 
- total organic molarity assuming ideal behavior 
analogous to Raoult's Law for ideal solutions. 
Ay^ - deviation from ideality of the organic con­
centration of lanthanide M. 
= 
xi 
deviation from ideality of the total organic 
molarity. 
= Ay^ + Ay^ +... etc. 
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INTRODUCTION 
The rare earth elements, commonly known as lanthanides, 
with atomic numbers 57 to 71 are relatively abundant in nature 
and are found in scarce minerals. They make up about one-sixth 
of all naturally occurring elements, yet the entire group 
occupies only one position on the periodic chart. This group 
of elements, of which samarium, neodymium and cerium are 
members, have nearly identical chemical properties in aqueous 
solutions. Consequently, they present a great challenge in 
attempting to separate rare earth mixtures into individual 
components. Even though the lanthanides are not very radio­
active in nature, they are often found in the same minerals with 
radioactive thorium or uranium. Since they are also formed as 
nuclear fission products, they have important relationships 
with nuclear science and technology. Scientific curiosity and 
the fact that research has developed a number of commercial 
uses for them, beneficial to mankind, are also good reasons 
for studying the lanthanides. 
The ion-exchange technique was developed (39) as a method 
of separation which can produce purified lanthanides of at 
least 99.99%. Today, ion-exchange is still the most common 
industrial method of separating the rare earths. However, 
since the process requires long residence times and a high 
capital investment for the processing of solutions, there is 
a possibility that more economical processing methods can be 
2 
found. 
Solvent extraction offers some economic advantages and 
can easily be adapted as a continuous process. Therefore, it 
has become an attractive possibility for the separation and 
purification of the lanthanides on an industrial scale. The 
separation of cerium (IV) from mixtures of fission products or 
from mixtures of rare earth elements can readily be accom­
plished by liquid-liquid extraction as well as by other means. 
Until recently, fundamental solvent extraction chemistry 
studies were usually carried out at tracer concentrations. 
Often, however, the actual chemistry of the reactions involved 
in solvent extraction at macro-concentrations is extremely 
complex due to many unknown factors. This makes it very dif­
ficult to optimize a specific process with respect to solvent 
selectivity and other operating conditions without obtaining 
an extensive amount of equilibrium data in the laboratory. 
Therefore, if the multi-component equilibrium data can be 
correlated reliably, the desired operating conditions for a 
multi-stage extractor can be selected as a function of the 
various process variables. 
In this study, the acidic organophosphorous compound, 
di-(2-ethylhexyl) phosphoric acid (hereafter abbreviated 
D2EHPA), was used as the solvent and Amsco Odorless Mineral 
Spirits as the diluent. D2EHPA is a promising solvent for the 
separation of the lanthanides. This can be attributed to its 
3 
insolubility in water, rapid phase separation from the aqueous 
phase, and its ability to achieve high separation factors. 
The research herein was concerned with the correlation of 
data for a ternary salt system. It was anticipated that a 
successful correlation in terms of individual components could 
be extrapolated to a multi-component system. Specifically, 
it was intended to: 
1. Obtain equilibrium data for the single-component 
system CeCl^-HCl-HgO-l M D2EHPA-Amsco. 
2. Develop a model to predict the organic phase 
concentration upon specification of the aqueous 
phase for the above system. 
3. Obtain equilibrium data for the binary system 
SmClg-NdClg-HCl-HgO-l M D2EHPA-Amsco as a function 
of acidity and mole fraction of samarium in the 
aqueous phase. It was also intended to study the 
interaction effects, which are strongly evident, in 
terms of single-component data and correlate them. 
4. Obtain equilibrium data for the ternary system, 
SmClg-NdClg-CeClg-HCl-HgO-l M D2EHPA-Amsco, and study 
the separation factor variation, if any, as a function 
of acidity, mole fraction of one element, and molar 
ratio of the other two in the aqueous phase. Further­
more, the interaction effect in terms of single-
component data would be investigated and correlated. 
Develop a model to predict the organic phase 
concentration upon specification of the aqueous 
phase in the ternary system. 
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LITERATURE REVIEW 
Separation and purification of the rare earth elements 
can be attained by liquid-liquid solvent extraction. Solvents 
which are commonly utilized for this purpose are the organo­
phosphorous compounds which can be categorized as either 
neutral or acidic. Since the neutral organophosphorous com­
pounds, such as tri-n-butyl phosphate (TBP), are not part of 
this study, a detailed discussion will not be undertaken. 
Healy and McKay (15) postulated that the extraction of rare 
earths with TBP gives a non-conducting complex which is due to 
the extraction of neutral species into the organic phase. 
In 1953, Scadden and Ballou (33) reported the first study 
of lanthanide extraction with acidic organophosphorous com­
pounds. Using a mixture of dibutyl and monobutyl phosphoric 
acids as the extractant, they studied the separation of a 
niobium-zirconium mixture. In addition, the fractionation of 
a complex mixture of fission products which consisted of 
trivalent cerium, lanthanum, yttrium and holmium, was also 
studied. These investigators demonstrated that the acidic 
organophosphorous compounds are effective agents for the 
separation of heavy and light lanthanides. This conclusion 
was deduced from their findings that a 0.6 M phosphoric acid 
mixture extracted more than 95% of the holmium and yttrium and 
less than 5% of the lanthanum and Ce (III). 
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An intensive study of the acidic organophosphorous com­
pounds as extractants was undertaken by Peppard et al. of the 
Argonne National Laboratory in 1956. They determined some of 
the chemical properties of these compounds and the mechanisms 
by which the lanthanides and actinides are extracted with 
these solvents. All their work was performed at tracer con­
centrations. It is essential to note, however, that the 
mechanisms change at macro-concentrations of rare earth 
solutions. 
In 1957, Peppard et (26) reported on the extraction 
on trivalent lanthanides and yttrium by D2EHPA using toluene 
as the diluent. This solvent was chosen because its solubility 
in aqueous phases is negligible and it gives a high degree of 
separation. They demonstrated by means of tracer techniques 
that, as the atomic number of the lanthanides increases, the 
extractability also increases. These findings are true for 
the extraction of lanthanides from aqueous chloride, nitrate 
and sulfate media. In later studies, Peppard et al. (25), 
employing radiometric techniques, determined that the distribu­
tion ratio was inversely third-power dependent on the acidity 
of the aqueous phase. At low acidities, the extraction of the 
lanthanides was very high and saturation of the solvent occurred 
when the mole ratio of cations to active solvent in the organic 
phase was 1 to 6. At this point an amorphous third phase solid 
was noted. 
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In further studies, Peppard et (24), using a cryo-
scopic method, determined the state of aggregation of D2EHPA. 
It was found to be dimeric in benzene and naphthalene and very 
strongly hydrogen bonded. On the basis of all their findings 
at tracer concentrations, they proposed the following ion-
exchange mechanism for the extraction of trivalent rare earths 
by D2EHPA: 
M"*"^  + 3(HG)2 ^  M{HG2)3 + SH"*" (1) 
where (HGjg represents the dimeric solvent and the 
metal complex in the organic phase. Equation 1 is valid 
(25, 26) at tracer concentrations of trivalent lanthanides and 
actinides in aqueous chloride, nitrate, sulfate and per-
chlorate solutions at low acidities. It represents the 
extraction of these metal ions by monoacidic organophosphorous 
solvents which dimerize in the diluent. 
Baes, Zingaro and Coleman (4), in an investigation on the 
extraction of uranium with D2EHPA, showed that D2EHPA was 
dimeric in hexane from 0.01 M to 1.0 M D2EHPA. At higher 
solvent concentrations, however, higher aggregates occur. 
They proposed the following mechanism for the extraction of 
uranyl ions for low organic loadings : 
+ 2(HG)2 ^ U02(HG2)2 + 2H+. (2) 
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In the same study they found that no water of hydration was 
associated with either the free D2EHPA or the uranium-D2EHPA 
complexes. Furthermore, they reported that as the ratio of 
metal to solvent concentration in the organic phase exceeded 
0.45, there was a noticeable increase of the viscosity, and 
the formation of chain polymers occurred with the following 
mechanism: 
HGgtUOglGgH HGgfUOgjGgtUOgiGgH ^ (3) 
In later studies, Baes and Baker (3) showed that when the 
diluent was n-octane, the D2EHPA existed as both dimeric and 
trimeric in equilibrium with each other, 
3{HG)2 ^ 2(HG)3 . (4) 
The equilibrium constant for the above mechanism was reported 
-1 
as 10 mole 
In 1967, Rigg and Garner (29) studied the extraction of 
vanadium with D2EHPA (in kerosene). They showed that the 
distribution ratio of vanadium decreased at very high solvent 
loadings. Their results suggested that the extracted complex, 
under the conditions studied, involved D2EHPA monomers rather 
than dimers. These workers found no evidence of either chloro 
or hydroxy-group participation in the extracted complex, and 
that the ionic strength variation appeared to have no signifi­
cant effect on the reaction. However, Peppard et (23, 24), 
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in a study of the extraction of tracer level tetravalent 
thorium from aqueous chloride, nitrate and perchlorate media 
with D2EHPA, found that the organic phase extracted the nitrate 
anion. They found that the nitrate to thorium ratio in the 
organic phase was approximately 1.0 at saturation of the 
organic phase. 
Sato (30, 31, 32) investigated the extraction of U(IV) 
by D2EHPA (in kerosene) from acidic aqueous sulfate, nitrate 
and chloride solutions. He found that nitric acid is extracted 
into the organic phase as: 
HNOg + (HOg ^  HNO3 • (HOg . (5) 
Upon studying the sulfate system, Sato reported that at low 
HgSO^ concentrations and high uranium concentrations, a 
polymeric uranium-D2EHPA complex was formed. These complexes 
were also formed in hydrochloric acid media. He found that in 
the chloride system, however, the distribution ratio decreases 
as the total chloride in the aqueous phase increases. This 
effect is due to the presence of U02C1^ chlorocomplexes. It 
was also reported that the extraction from nitrate and chloride 
media is more complex than from sulfate solutions. 
In 1963, Pierce and Peck (28) investigated the extraction 
of the lanthanides by D2EHPA (in toluene) from acidic per­
chlorate solutions at tracer concentrations. These investi­
gators calculated the expected degree of separation when two 
rare earths were extracted simultaneously by using the ratio 
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of the distribution coefficients. The average value for the 
nearest neighbors was found to be 2.40. 
Shaw and Bauer (34) reported on the extraction of tri-
valent cerium by D2EHPA (in xylene) from acidic aqueous 
nitrate solutions. They found that the extraction of trivalent 
cerium decreases as the acidity increases. It reaches a 
minimum value at an acid concentration of 5 M and it increases 
again at higher acid concentrations. This phenomenon indicated 
a reaction mechanism change but no explanations were given. 
They stated that at low acid concentrations, the extraction 
exhibits characteristics of ion-exchange phenomena. At high 
acidities, the neutral rare earth nitrate molecule may be 
extracted in the form of a complex of the type MfNOg)^ ' 3EHPA. 
These workers reported that partition between light and heavy 
lanthanides is generally best at low aqueous acidities. 
Similarly, the partition between Ce(IV) from trivalent members 
is best at low acid concentrations. 
Cerium studies were also performed in 1965 by Alian and 
Moustapha (2). They investigated the extraction of cerium 
(III) with tri-n-octyl phosphine oxide (TOPO) in toluene from 
I 
acidic aqueous nitrate media. The variables were nitric acid 
and lithium nitrate concentrations in the aqueous phase. These 
workers found that trivalent cerium, extracted with the above 
neutral organophosphorous compound, forms a trisolvate complex 
CetNOg)^ • 3T0P0. They reported that the cerium partition 
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coefficient increases initially as lithium nitrate concentra­
tion increases; it reaches a maximum and then decreases con­
tinuously. They also reported that in the extraction of cerium 
(III) with 0.1 M TOPO, the distribution ratio of cerium (III) 
as a function of acidity increases slightly at very low acid 
concentrations ; it reaches a maximum and then decreases 
continuously. When the nitric acid concentration is raised 
above 10 M, the distribution coefficient increases again. 
In 1967, Tedesco, Rami and Gonzalez Quintana (40) studied 
the extraction of tetravalent cerium at tracer levels from 
aqueous sulfate solutions by D2EHPA dissolved in kerosene. 
They found that the partition coefficient of Ce(IV) increases 
with sulfate concentration up to about 0.8 M and then decreases 
continuously. The maximum occurred at a pH of ^ 1.3 for tracer 
level cerium- The inflection of the curve was explained by 
assuming a change in the composition of the aqueous phase. At 
low sulfate level, an increase in the anion produces an 
increase in the proportion of the more soluble species with a 
corresponding increase of the extraction. At higher anion 
+2 
concentrations, the complexing of Ce(IV), [Ce(SO^)] , is high 
enough to counteract the effect and the extraction is lowered. 
These workers also reported that sulfate was not found in the 
organic phase in either equilibrium or saturation tests. 
Furthermore, they found that the mole ratio of D2EHPA to cerium 
in the saturated organic phase decreased as the pH increased 
12 
until it reached a constant value of 2.0. These results were 
explained by assuming that hydrolyzed forms of the Ce^^ ion 
formed in increasing amounts as the pE was increased. 
Recently, Navratil and Dubinin (20) studied the extraction 
of Ce(IV) with dibutyl phosphoric acid (HDBP) in carbon tetra­
chloride. The aqueous solutions consisted of nitric, per­
chloric and hydrochloric acids in the presence of NaBrO^ for 
the oxidation of cerium. They found that cerium is oxidized 
to its tetravalent state only in nitric acid medium at NaBrO^ 
concentrations of ^  0.06 M. Furthermore, in the HCl medium 
with chloride concentration _> 0.1 M, the tetravalent cerium 
was reduced. In addition, they reported that the distribution 
of Ce(IV) in nitric acid medium was five orders of magnitude 
higher than in the other media. They reported that the 
extraction mechanism for tetravalent cerium is of the solvation 
type (independent of acidity) and may be described by the 
scheme: 
Ce^4 + 4NO2 + 4 HDBP ^  [[^(NOg)^ (HDBP) . (6) 
At moderate concentrations of HCl and HCIO^, the extraction of 
trivalent cerium is controlled first by the ion-exchange 
mechanism, 
Ce^3 + 3HDBP Z [^(DBP)^ + SH"^ (7) 
and at a certain limiting concentration of mineral acid, by 
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the solvation mechanism 
Ce^3 + 3X~ + 3HDBP t [CeX^(HDBP)2] (8) 
where X is the anion. 
Fidelis (7) investigated the effect of temperature 
on the extraction of lanthanides by HEH4>P (in n-heptane) from 
aqueous nitrate solutions. This worker's conclusions were 
stated as follows: 
1. The extraction coefficients of all lanthanides 
decrease with increase in temperature. 
2. The effect of temperature on the separation coeffi­
cients depends on Z; 
a. the separation coefficients of lanthanides of 
atomic number Z < 61 increase with increase in 
temperature 
b. the separation coefficients of lanthanides of 
atomic number Z > 61 diminish with increase in 
temperature. 
3. The effect of temperature on the coefficient 3 is 
generally greater, the greater the value of the 
coefficient g. 
In an effort to understand better the mechanism of 
lanthanide extraction by D2EHPA at macro-concentrations, 
Kosinski and Bostian (17) studied the displacement of water 
molecules from the D2EHPA as lanthanum was extracted from 
aqueous nitrate media at macro-concentrations. By material 
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balance data and i.r. analysis of the organic phase, these 
workers confirmed the displacement of water as the lanthanum 
concentration in the organic phase increased. They calculated 
the stoichiometry of water in the mechanisms and proposed 
three reactions which probably occur simultaneously: 
La^^ + 3(HG)2 • H^O LafHGg)] + SHgO + 3K^ (9) 
LaN03^+ 2(HG)2 " H^O + LafNO^) (^^2^ 2 (10) 
La(N03)2^+ (HOgHgO LafNO^jgHGg + H^O + H"^ . (11) 
In each reaction, the lanthanum ion replaces hydrogen ions and 
interacts with the P=0 structure of D2EHPA. 
Equilibrium data for the extraction of the lanthanides by 
D2EHPA from acidic aqueous solutions were reported by many 
investigators only at tracer concentrations. Recently, however, 
equilibrium data at macro-concentrations were made available. 
In 1965, Goto and Smutz (11) reported on the separation of Nd 
with respect to Pr for 1 M D2EHPA (in Amsco 125-82) from per-
chlorate, nitrate, chloride, and chloride-nitrate solutions. 
The separation factor was expressed by an equation comprised 
of two parts: (1) the separation ability of the solvent 
itself (the ratio of equilibrium constants), and (2) an aqueous 
ligand-dependent term. Goto and Smutz (10) proposed a technique 
for predicting the composition of one phase upon specification 
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of the other for PrCl^-NdCl^ mixtures. Due to the chemical 
similarity of Pr and Nd, they assumed that the total rare 
earth concentration in the organic phase was linearly dependent 
on the mole fraction of either species in the aqueous phase. 
Goto and Smutz (12), using a potentiometric method, also 
measured the stability constants for LaCl^^, PrCl^^, NdCl^^, 
+2 
SmCl . The results showed a stability constant of approxi­
mately 1.60 for all species. 
In a later paper, Goto (9) measured the distribution 
coefficients of Y, Er and Ho and the separation factors of 
some lanthanides with respect to Y at macro-concentrations. 
The extractions were from aqueous chloride solutions using the 
extractant D2EHPA in n-heptane. He found that the separation 
factors of Y with respect to Er is between 1.1 and 1.2 and is 
almost independent of acid and lanthanide concentrations un­
less the ratio of Er to Y is extremely small. Since there was 
no variation of 3 with acidity it might mean that the stability 
+2 +2 
constants of YCl and ErCl are almost the same. Since the 
separation factor increased slightly at small ratios of Er to Y, 
Goto suggests that the activity coefficient of Er in either 
the organic or the aqueous phase, in the presence of a compara­
ble amount of Y, differs from that at an extremely small ratio 
of Er. He also found that the extractability of Ho is about 
half that of Y. Goto reported that the separation factor of 
Er with respect to Ho, therefore, was between 2.1 and 2.4. In 
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the same study he also reported that in the three salt system, 
the separation factor of the pairs remains the same as in the 
two salt system. 
The author (16) also obtained equilibrium data for Sm and 
Nd in hydrochloric acid. A non-linear correlation technique 
was employed in order to obtain an empirical model for each of 
the individual elements. The model predicts the organic con­
centration upon specification of the aqueous concentration and 
acidity. The correlation was extended to predict the equili­
brium of the binary system SmCl^-NdCl^ over a limited range of 
concentrations and acidities. 
Other contributors to macro-concentration equilibrium 
data are Battista, Mize and Smutz (6), Lenz and Smutz (18) , 
Owens and Smutz (22) and Nair and Smutz (19). 
Some chemical and physical properties of the rare earth 
elements were determined by Spedding et al. (35, 36, 37, 38). 
The heats of dilution of the rare earth chlorides were measured 
as well as heat capacities, viscosities and apparent molal 
volumes. A coordination number of nine was suggested for both 
trivalsnt lanthanum and neodymium due to the similarity of 
their hydrated ion structures. 
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DEVELOPMENT OF FUNDAMENTAL SEPARATION 
FACTOR RELATIONSHIPS 
Binary Systems 
In a lanthanide extraction system consisting of two rare 
earth elements, it is possible to predict all the organic phase 
rare earth concentrations if the aqueous phase rare earth 
concentrations, acidity and separation factor are specified. 
The mole fraction of each element in the organic phase may be 
expressed as a function of the molar ratio of the elements in 
the aqueous phase and the separation factor between them. If 
two elements (M,N) are extracted simultaneously, the separation 
factor is defined as: 
where y^, y^ are the molarities of the respective elements in 
the organic phase and x^, x^ are their molarities in the 
aqueous phase at equilibrium. Since the total molarity, Y^, 
of the two species in the organic phase is 
^T ~ 
substituting y^ from Equation 13 in Equation 12 we obtain 
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Rearranging Equation 14 and solving for mole fraction of 
or Nj^(M,N)) in the organic phase, we have 
N (M,N) = ^  = 
T 1 + 
M,N X, M 
(15) 
Similarly, the mole fraction of N is 
1 + 3 
fX 
M,N 
M 
N 
(16) 
Ternary Systems 
In a ternary extraction system containing three 
lanthanides (L,M,N), where the extractability of L > M > N, a 
general expression may be derived to predict the mole fraction 
of each element in the organic phase. The mole fraction of 
each element may be expressed as a function of the separation 
factors of two of the three pairs and the molar ratios of 
species in the aqueous phase at equilibrium. From the defini­
tion of the separation factor of any pair of the three elements 
extracted simultaneously we have 
x 
^L,M X, 
(17) 
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Since the total molarity, of rare earths in the organic 
phase is 
ÏT = ÏL ^  + % (18) 
substituting from Equation 18 into Equation 17, gives 
3 L,M 
M 1 
1 1 1 -
% 
(19) 
Solving for the mole fraction of L (y^/Y^ or N^(L,M,N) in the 
organic phase gives 
N^(L,M,N) = Y 
T 1 + 
L,M 
M 
( 2 0 )  
_E 
Also from the definition of the separation factor between L 
and N one obtains 
*L,N 
(21) 
Solving for Y^/Y-^ in Equation 21 and substituting in Equation 
20, the following relation is obtained: 
Nj^(L,M,N) 
"T 1 1 1 , 1 N 
^L,M ^L,N 
( 2 2 )  
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By similar manipulations the mole fractions of M and N in the 
organic phase are as follows: 
Nj^(L,M,N) = Y M 
1 + h.H 
, 1 
^M,N HMJ 
(23) 
N^{L,M,N) = Y 
1 + 6  L,N 
X, 
X N 
+ 3 M,N 
X 
M 
N 
(24) 
Equations 22, 23 and 24 are general and can be applied for any 
ternary system (L,M,N). 
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EXPE RIAIENT AL PROCEDURES 
Materials 
The rare earth oxides utilized throughout this study were 
provided by the Rare Earth Separation Group of the Ames 
Laboratory of the Atomic Energy Commission. As determined by 
emission spectroscopy, the oxides were of greater than 99.9% 
purity with respect to other lanthanides. The cerium oxide 
was formed from cerium perchlorate burned at a low temperature 
of 250°C. This low-fired cerium oxide is necessary in order 
to facilitate the reaction with hydrochloric acid which reacts 
slowly with high-fired cerium. All acids and other chemicals 
used in this work were of reagent grade purity. 
The extractant D2EHPA was supplied by the Union Carbide 
Corporation and was 98.8% monoacidic. The hydrocarbon diluent 
(Amsco Odorless Mineral Spirits), supplied by the American 
Mineral Spirits Company, was added to an appropriate amount of 
D2EHPA in order to form a 1 M D2EHPA solution on a monomer 
basis. 
Preparation of Rare Earth Chloride Stock Solutions 
The trivalent rare earth oxides were reacted with 50% 
excess HCl from the stoichiometric amount. The reaction 
RE2°3 + 6HC1 t 2RECI3 + SHgO (25) 
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was allowed to continue until the solution was clear. The 
excess acid was then evaporated by heating on a hot plate 
until the RECl^ salt precipitated. The salt was dissolved in 
distilled water and diluted to the required volume. Hydrolysis 
of the rare earths was evident at this point due to the acid-
deficient medium. The solution was titrated with dilute HCl 
to the equivalence point (the point at which the RE:CI ratio 
is 1:3) which made the solution clear. A slight excess of HCl 
was added in order to assure the absence of hydrolytic products. 
The cerium oxide was treated differently due to its high 
oxidation potential. The low-fired tetravalent cerium was 
reacted with an excess of HCl: 
ZCeO- + 8HC1 Î ZlCeClg + 4H2O + Cl^ t . (26) 
The above reaction, however, was very slow and it was allowed 
to continue for twenty-four hours at 90°C. This low tempera­
ture was necessary in order to prevent the oxidation of CeCl^. 
After the reaction was completed and most of the cerium was 
in solution, there was some undissolved fine material suspended 
in the solution. This was probably some high temperature 
cerium which reacts extremely slowly with HCl. The solution 
was then filtered several times with a very fine filter paper. 
When the solution was very clear and colorless, an aliquot was 
titrated with 0.5 N NaOH to find the equivalence point. This 
was determined from the break-point of a plot of pH versus ml 
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NaOH added. The pH at the equivalence point was 2.5. The 
CeClg stock solution was adjusted to a slightly lower pH. A 
slight excess of acid is essential in order to maintain the 
trivalent state of cerium and prevent hydrolysis. There is a 
tendency for cerium to oxidize to its tetravalent state if the 
solution is acid-deficient. This can be attributed to the 
fact that cerium hydrolyzes in an acid-deficient medium and 
that hydrolyzed cerium seeks its tetravalent state. A slight 
amount of tetravalent cerium causes the solution to change 
color from colorless to brown. If this occurs, a slight amount 
of hydrogen peroxide reduces the cerium, but the excess hydro­
gen peroxide must be boiled off. 
CeClg Equilibrium Studies 
The initial solutions were prepared by diluting an 
appropriate amount of RECl^ stock solution and HCl in volumet­
ric flasks. The initial solutions were then contacted with 
equal volumes of 1 M D2EHPA in separatory funnels. They were 
then shaken for fifteen minutes on a separatory funnel shaker 
and allowed to stand for at least one hour. The equilibration 
was repeated four times and the last time the solutions were 
allowed to stand for at least twelve hours undisturbed before 
the phases were separated. 
The phases were clear when they were separated, however, 
the organic phase was centrifuged for ten minutes in order to 
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remove any entrained aqueous material. A volumetric sample of 
the organic phase was then measured into a separatory funnel 
and contacted four times with an equal volume of 6 N HCl in 
order to remove the rare earths quantitatively. After four 
back-extractions, the collected strip was filtered into a 
volumetric flask in order to remove any solvent present and 
was finally diluted to volume. A volumetric sample of this 
solution was analyzed for cerium after the excess acid had 
been evaporated. The concentration of cerium in the organic 
phase was then calculated. 
The cerium concentrations of the initial solutions, the 
equilibrated aqueous phases, and the organic back-extracts 
were determined titrimetrically with standardized EDTA, 
Arsenazo was the indicator and pyridine was the buffer as 
described by Fritz et aJ. (8). A slight amount of ascorbic 
acid was added to the solution in order to maintain the tri-
valent state of cerium. In almost all the samples, a titration 
with and without ascorbic acid gave the same results. This 
showed the absence of tetravalent cerium. 
The EDTA was standardized against a solution of rare earth 
chloride of known concentration. The concentration of the 
lanthanide solution was determined gravimetrically by precipi­
tating an aliquot of the rare earth chlorides as oxalates, 
burning the oxalates to the oxides at 800°C and weighing the 
oxide on an analytical balance. 
25 
The color change of the organic strip titration was not 
very distinct. It is believed that the anomaly is attributed 
to the formation of organic and inorganic phosphate complexes 
with the indicator and EDTA. In order to resolve this dif­
ficulty, the solution was acidified before the end-point with 
several drops of concentrated HCl to pH of 2. The HCl dis­
solved the soluble complexes and the titration was continued 
after readjusting the pH. This resulted in a sharper end-
point. 
The method used for the determination of the hydrogen ion 
concentration is one employing the cation exchange resin Dowex 
50 X 8 as described by Adams and Campbell (1). For every 
lanthanide ion attached to the resin, three hydrogen ions are 
released to the aqueous phase. The total acidity (free acid 
and hydrogen ion released by the resin) was determined by 
titration with standard NaOH using phenolphthalein as the 
indicator. 
Binary System Equilibrium Studies 
The binary system SmClg-NdClg-HCl-HgO-l M D2EHPA-Amsco 
was studied at different conditions than in previous work (16). 
The same techniques as in the single-component system were 
utilized in order to obtain the total lanthanide concentra­
tions. In this system, the composition of each phase containing 
both Sm and Nd was also determined in order to calculate the 
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separation factors. The concentration of each species was 
obtained spectrophotometrically as described by Banks and 
Klingman (5) with some modifications. Aliquots of the organic 
strips and equilibrated aqueous phases were pipetted into 30 ml 
beakers. The solution was evaporated on a hot plate at 110°C, 
being careful to avoid bumping, until the salt was formed. An 
appropriate amount of perchloric acid was added in order to 
form the rare earth perchlorates and make a 1 M solution. After 
the reaction was completed, the heating was continued at 250°C 
for a few minutes in fuming perchloric acid. The solutions were 
left under a heating lamp until there was no chloride present as 
determined by silver nitrate tests. The samples were diluted in 
a volumetric flask and the absorbance of each species was read 
on a DU-2 spectrophotometer. The absorbance of Sm was read at 
a wavelength of 401.5 my and a slit width of 0.02 mm. The ab­
sorbance of Nd was read at a wavelength of 575.5 my and a slit 
width of 0.02 mm. The molarity of each species was calculated 
with respect to standard NdfClO^)^ and SmtClO^)^ solutions 
using a direct relationship of absorbance to concentration. 
This is possible since there is no interference between Sm and 
Nd. 
Ternary System Equilibrium Studies 
The ternary system SmClg-NdClg-CeCl^-HCl-HgO-l M D2EHPA-
Amsco was investigated and separation factors were obtained. 
The total rare earth concentrations in each phase were deter­
mined as in the above discussion. The relative amounts of Sm 
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and Nd were obtained spectrophotometrically as described above 
but in the presence of cerium. Even though there was no 
evidence of tetravalent cerium in the solutions, a drop of 
0.05% hydrogen peroxide was added to assure the trivalent state 
of cerium and the excess peroxide was evaporated by boiling. 
The cerium content in each phase was determined by an oxidation-
reduction technique. A volumetric sample of REClg mixture, 
0.1 M, containing Sm, Nd and Ce was placed in a 600 ml beaker 
and reacted with 10 ml of concentrated as follows: 
ZlCeClg + ? Ce.fSO^)] + 6HC1 . (27) 
In order to remove all of the hydrochloric acid, the solution 
was evaporated on a hot plate until fumes of sulfur trioxide 
were evolved (a thick white fume). The solution was then 
cooled and diluted to about 400 ml with distilled water. In 
order to oxidize the trivalent cerium in its sulfate form, an 
excess amount of was added to the solution and about 
0.05 grams of AgNO^ was used as a catalyst. The solution was 
then boiled vigorously for about forty-five minutes in order 
to decompose the excess At this point the solution 
was orange which is the characteristic color of eerie sulfate. 
The wall of the beaker was rinsed with distilled water and the 
solution boiled for an additional twenty minutes. After the 
solution was cooled, the tetravalent cerium in solution was 
reduced with a known excess amount of standardized iron (II) 
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sulfate. The excess iron (II) was back-titrated with 
standardized eerie sulfate solution using one ml of 0.001 M 
ferroin as the indicator. The molarity of CeCl^ was then 
calculated. 
The eerie sulfate was standardized with arsenic (III) 
oxide using a drop of osmic acid solution as a catalyst and 
ferroin as the indicator. The iron (II) sulfate was stand­
ardized against the above eerie sulfate solution. 
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DISCUSSION OF RESULTS 
Equilibrium for the System 
CeClg-HCl-HgO-l M D2EHPA-Amsco 
Equilibrium data for the above system were obtained at 
aqueous metal concentrations ranging from 0.1 M to 1.5 M and 
aqueous acidities ranging from 0.3 M to 0.7 M. The data are 
presented in Table 1 and also plotted in Figure 1. It is 
essential to note that the constant acidity parameter should 
not be regarded as the true acidity for each point since it 
varies slightly. 
The shape of these equilibrium curves and the pronounced 
displacement with respect to aqueous acidity suggests that 
trivalent cerium is extracted in the same manner as the other 
lower rare earths (10, 16, 18, 19) when D2EHPA is the extrac-
tant and chloride the anion. The maxima of the curves, within 
the range of the data, occur at an aqueous concentration of 
approximately 0.4 mole/liter as compared to Nd and Sm of 
'v 0.45 M and ^ 0.5 M (16) respectively. As expected, the 
extractability of Ce (III) increases as the acidity of the 
aqueous phase decreases for any fixed aqueous metal concentra­
tion. 
Even though Equation 1 represents the mechanism of 
extraction for the rare earth salts at tracer concentrations 
and low acidities, it should be noted that the reaction 
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Table 1. Equilibrium data for the system CeCl,-HCl-H_0-l M 
D2EHPA-Amsco ^ ^ 
Aqueous Final Organic 
concentration acidity concentration 
(moles/1.) (moles/1.) (moles/1.) 
0.1008 0.302 0.0676 
0.1985 0.301 0.0757 
0.3029 0.300 0.0790 
0.4032 0.302 0.0779 
0.4940 0.302 0.0785 
0.5030 0.298 0.0793 
0.6018 0.298 0.0773 
0.8964 0.298 0.0713 
1.2056 0.298 0.0630 
1.4777 0.298 0.0556 
0.1016 0.393 0.0455 
0.1968 0.404 0.0517 
0.3022 0.400 0.0564 
0.4019 0.394 0.0578 
0.5039 0.396 0.0568 
0.6059 0.396 0.0553 
0.9019 0.395 0.0503 
1.2118 0.389 0.0431 
1.4948 0.384 0.0363 
0.1014 0.499 0.0278 
0.1024 0.487 0.0281 
0.3002 0.512 0.0377 
0.4042 0.499 0.0392 
0.5044 0.499 0.0393 
0.6028 0.507 0.0375 
0.7992 0.513 0.0338 
1.0059 0.512 0.0294 
1.2992 0.522 0.0226 
1.4980 0.522 0.0196 
0.1010 0.603 0.0148 
0.3039 0.603 0.0259 
0.4042 0.603 0.0266 
0.5050 0.603 0.0265 
0.6018 0.605 0.0258 
0.9160 0.604 0.0224 
1.2076 0.605 0.0176 
1.5090 0.609 0.0126 
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Table 1 (Continued) 
Aqueous 
concentration 
(moles/1.) 
Final 
acidity 
(moles/1.) 
Organic 
concentration 
(moles/1.) 
0.1004 0.710 0.0113 
0.3043 0.715 0.0175 
0.4032 0.712 0.0183 
0.5030 0.712 0.0181 
0.6028 0.712 0.0176 
0.9708 0.710 0.0143 
1.2135 0.708 0.0115 
1.5149 0.711 0.0075 
0.1105 0.251 0.0842 
0.5413 0.265 0.0876 
0.5029 0.408 0.0549 
1.3038 0.493 0.0248 
0.8110 0.495 0.0366 
0.5768 0.511 0.0370 
becomes more complex at macro-concentrations and cannot be 
used to predict the equilibrium data in this study. Several 
explanations for the changing chemistry offered by Lenz and 
Smutz (18) are: (1) as the ionic strength increases, HCl 
activity also increases, (2) as the organic rare earth concen­
tration increases, the free extractant concentration decreases, 
and (3) strong complexing between the lanthanide and chloride 
in the aqueous phase exists. Owens (21) also demonstrated that 
if the HCl activity is the parameter rather than acid concen­
tration, the equilibrium curves may not exhibit a relative 
maximum. 
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Figure 1. Equilibrium data for the system CeCl^-HCl-
H2O-I M D2EHPA-Amsco 
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If one makes the gross assumption that the ratio of 
activity coefficients is almost unity in Equation 1, then the 
equilibrium constant for the single-component reaction can be 
written in terms of concentrations as: 
Km = ^ A . (28) 
For simplicity, let the organic concentration of the metal be 
* * 
equal to y^ and the aqueous concentration be equal to Xj^. 
Expressing the above relation in terms of logarithms, the 
following is obtained: 
In y* = In x* - 3 In H+ . (29) 
* 
This acid dependency relation is plotted in Figure 2 with x^ 
as a parameter. Assuming that the free solvent concentration 
(HG)2 is almost constant, the equation shows a straight line 
* 
relationship for any constant x^ with a slope of -3.0. How­
ever, from Figure 2, it is noted that the curves are not linear 
and that the slope varies continuously. In fact, the slope is 
-3.0 at high acidities of % 0.7 M, it changes to -2.0 at an 
acidity of 0.55 M and finally to -1.0 at a low acidity of 
~ 0.3 M. 
The slope variation is expected to continue as the acidity 
is increased until the extraction reaches a minimum and the 
slope becomes zero. At still higher acidities, it is 
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anticipated that the slope will become positive and the 
extraction will increase again. This phenomenon was reported 
by Harada and Smutz (13) in a study of the extraction of 
yttrium with D2EHPA. The acid dependency curves suggest that 
a more complex mechanism of extraction is taking place rather 
than the simple ion-exchange reaction of Equation 1. 
Even though the chemistry of the system is not well 
understood, it is interesting to note that for any constant 
* 
Xj^ , the acid dependency curves of Figure 2 are almost parallel. 
This phenomenon suggests that in the range of the data, the 
"effective" chemistry taking place is the same, as the acidity 
varies, for any constant aqueous concentration. This is true 
for Ce and the other lower lanthanides. 
At lower acidities, the extraction is higher, but the 
slope is farthest from -3.0. Silver nitrate tests showed very 
little chloride present in the organic phase, therefore, the 
mechanism change cannot be explained in terms of chloro-
complexes that might have been extracted as it is the case for 
the higher rare earths at higher acidities. It is believed, 
however, that at the low acidities studied, cerium hydroxo-
+ +2 
complexes such as [Ce(OH)2] and [Ce(OH)] become more 
appreciable. Assuming that an effective chemical reaction is 
taking place, of the same form as Equation 1 but with a variable 
stoichiometry, the reaction can be written as: 
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M(0H) + (3-n) + (3-n)H2G2 ^  M(0H)^(HG2) + (3-n)H+ (30) 
where n is an integer and varies from 0 to 2. The acid 
dependency relation for the above mechanism is 
In y* = (In K^) [H2G2] x* - (3-n) In h"^ . (31) 
* 
For any constant at the lower acidities, n approaches 2 and 
the slope approaches -1.0 where at the higher acidities, n is 
zero and the slope approaches -3.0. It should be noted that 
the free solvent concentration also varies slightly and it is 
a function of the organic concentration. In fact, at 
* 
equilibrium is - 2(3-n)y^ where is the initial D2EHPA 
concentration on a monomer basis. 
From the equilibrium curves in Figure 1 it is noted that 
as x^ increases for any parameter, the extraction reaches a 
maximum and then decreases. This is probably due to the 
variation of the ionic strength of the solution and also due 
to the intermolecular interaction effects of the metal ions 
in both phases. From the yttrium equilibrium data reported by 
Harada and Smutz (13), it is observed that when the log of the 
* 
distribution coefficient is plotted against log x^, a constant 
value of the distribution coefficient is maintained for all 
organic concentrations < 0.015 M. This constancy suggests 
that at low concentrations there are no interaction effects 
between the intermolecular forces of Y in either of the two 
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phases. However, at organic concentrations of > 0.015 M, the 
* 
distribution coefficient decreases as x., increases. This 
indicates an interaction effect in the organic phase, greater 
than that in the aqueous phase, due to the intermolecular 
forces of Y. As a result, the extractability decreases. At 
aqueous concentrations of Y greater than one tenth of the 
saturation concentration of YCl^ " GHgO at a specific acidity, 
the distribution coefficient was observed to increase slightly 
once again. This shows that the interaction effect in the 
aqueous phase between metal ions becomes more pronounced. How­
ever, the interaction in the organic phase is still high. 
Even though data in the very low concentration region are 
not available for CeClg, NdCl^, or SmCl^, it is reasonable to 
assume that the interaction effects mentioned above are also 
present in the extraction of each pure element of Ce, Nd and 
Sm. If there was no interaction, the equilibrium curves would 
be straight lines and thus no maximum would be observed. The 
interaction effect is probably greater in the organic phase 
due to the fact that the hydration number of the metal in the 
organic phase is much smaller than that in the aqueous phase. 
In other words, the hypothetical solubility of compound 
in the organic phase is less than the solubility of MCl^ in the 
aqueous phase. 
All the effects and deviations mentioned above probably 
change the activity coefficient of each ion present when a 
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change in the system's variables occurs. Since it is not 
possible at this time to measure the activity of each ion 
present, it is necessary to measure concentrations. The data 
can then be correlated in order to predict the equilibrium of 
the system. 
Development of Model for Predicting 
CeClg Equilibrium Data 
In a solvent extraction system containing one lanthanide, 
* 
the organic concentration, y^, of the metal ion is a function 
* 
of the aqueous concentration, x^, and the aqueous hydrogen ion 
concentration H^. In mathematical terms this can be stated as 
follows : 
Ym = (32) 
* + * 
where x^ and H are the independent variables and y^ the 
dependent variable. It is desired to obtain a mathematical 
model with two independent variables that can be used to 
correlate the equilibrium data for CeClg in Table 1. Since 
the form of the model was proposed for Sm and Nd in previous 
work (16) it will also be utilized to correlate the cerium 
data. The model is as follows: 
2 
* a„ a-x (a. + a^H + a^H ) 
^ H * ^ ® (33) 
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where (a^,...,ag) is a vector of arbitrary constants to be 
evaluated empirically. Since the above model is non-linear 
in the parameters, a non-linear correlation technique is 
required to fit the experimental data. The Hartley modified 
Gauss-Newton method (14) was selected and will be used through­
out this study to fit the data in the least squares sense. A 
summary of the technique was given in previous work (16). 
Since the non-linear method of estimation involves an iterative 
process, a good initial estimate of the parameters is essential 
in order to activate the iteration procedure and assure con­
vergence. The computer routine for the modified Gauss-Newton 
technique was programmed for the IBM 360 computer and was 
utilized to obtain the parameter vector (a^,...,ag) which 
minimizes the sum of squares of the residuals. The initial 
"guess" of the parameter vector used for the CeCl^ data is 
(0.0206, 0.262, -0.588, -0.954, -2.726, 1.981). The model and 
the parameter vector obtained after convergence are 
2 
* a. a,x (a. + a^H + a,H ) 
Ygg = 2 e ^ H * ^ ' (34) 
where (a^,...,ag) = (0.01656, 0.3588, -0.8581, -0.7032, -5.389, 
4.927). Equation 34 predicts best in the ranges 0.15 ^  x ^  
1.4 and 0.3 £ H 0.7 with an average error (residual divided 
by experimental) of less than 3%. This model was used to 
calculate y*^ for different constant acidity parameters H"*" and 
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the results were plotted in Figure 1 as a comparison with the 
experimental data. 
For simplicity, the models obtained in previous work (16) 
for predicting the equilibria of NdCl^ and SmCl^ are presented 
here in Equations 35 and 36. 
* b- b-x (b. + bqH + 
^Nd = 2 e 3 H 4 ^ 6 
where (b^,...,bg) = (0.02048, 0.2577, -0.5758, -0.9282, -2.9195, 
0.5755). 
2 
* c- c_x (c. + Cj-H + c,H ) 
where (c^,...,cg) = (0.08674, 0.2448, -0.4742, -0.9287, 0.3133, 
-1.4158). 
Equilibrium for the Binary System SmCly-
NdClg-HCl-HgO-l M D2EHPA-Amsco 
Equilibrium data for the above binary solute system were 
obtained for the purpose of studying the interaction effects 
when two different metal ions are extracted simultaneously. 
The total aqueous lanthanide concentration, X^(M,N), was kept 
constant and the mole fraction of samarium in the aqueous phase 
(Xg^/X^ or Ng^ ^ (M,N)) was varied from 0.1 to 0.9. The aqueous 
acidity was also varied from 0.35 M to 0.9 M. For brevity, the 
symbols (M,N), indicating a binary mixture, will be omitted 
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unless it is necessary for clarity. Also x_ /X„ and N„ , 
Sm' T Sm,A 
will be used interchangeably. 
Equilibrium data and separation factors for the systems 
where is approximately 0.64 M and 0.11 M are given in 
Tables 2 and 3 respectively. In order to obtain a constant 
acid concentration parameter the total organic concentra­
tion, Y^, of Tables 2 and 3 was plotted against at a 
constant Ng^ ^  and shown in Figures 3 and 4 respectively. The 
values of Y^, which correspond to a constant acidity at dif­
ferent mole fractions of Sm in the aqueous phase, were read 
from the above graphs and plotted in Figure 5 and 6 with the 
acidity as a parameter. The end-points in Figures 5 and 6 
were obtained from single-component data. If one assumes that, 
under the specific conditions of the system, all of the rare 
earths in the aqueous phase are pure Nd (Ng^ ^  = 0) then 
* 
Equation 35 is used to calculate y^^. Likewise, if all of the 
* 
lanthanides are pure Sm (Ng^ ^  = 1), Equation 36 gives yg^. 
It should be noted that in Figure 5, the h"*" = 0.4 M straight 
line is probably in great error. This is due to the fact that 
the pure Sm point, as predicted by Equation 36, is well above 
the experimental range. The concentration predicted is 
probably hypothetical since at this concentration gel formation 
occurs. 
In Figures 5 and 6, a straight line is drawn between the 
pure Nd and pure Sm organic concentrations for each acidity. 
This line predicts the total organic concentration as a 
Table 2. Equilibrium data and separation factors for the system SmClg-NdClv-
HCl-HgO-l M D2EHPA-Amsco at 0.64 M total aqueous 
concentration 
Aqueous phase concentrations Mole Organic phase concentrations Separation 
(mole/1. ) fraction (moles/1. ) factors 
HCl Total RE Sm Nd Total RE Sm Nd 
^Sm ,Nd 
0. 379 0.6378 0 . 08118 0. 5568 0.1273 0.09686 0. 05232 0. 04457 8. 05 
0. 373 0.6358 0. 1897 0. 4436 0.2984 0.1141 0. 09288 0. 02117 10. 26 
0. 356 0.6378 0. 3206 0. 3173 0.5027 0.1232 0. 1117 0. 01149 9 . 62 
0.366 0.6368 0. 5708 0. 06598 0.8964 0.1313 0. 1296 0. 001769 8. 47 
0.403 0.6415 0. 4485 0. 19303 0.6991 0.1227* 0. 1169 0. 005856 8. 59 
0.408 0.6425 0. 5130 0. 1295 0.7984 0.1246* 0. 1206 0. 003975 7. 66 
0.689 0.6378 0. 07875 0. 5592 0.1235 0.04627 0. 02505 0. 02122 8. 38 
0.681 0.6358 0. 1944 0. 4415 0.3058 0.06543 0. 05330 0 . 01213 9. 98 
0.680 0.6388 0. 3228 0. 3161 0.5053 0.07749 0. 06996 0. 00752 9. 11 
0.671 0.6398 0. 5710 0. 06881 0.8925 0.08991 0. 08856 0. 001352 7. 89 
0.714 0.6385 0. 4789 0. 1597 0.7500 0.08352 0. 08009 0. 003438 7. 77 
0.713 0.6405 0. 6087 0. 03205 0.9504 0.08927 0. 08862 0. 0006502 7. 18 
0.895 0.6398 0. ,08156 0. 5583 0.1275 0.02795 0. ,01545 0. ,01250 8. 46 
0.893 0.6383 0. 1919 0, .4436 0.3006 0.04222 0. .03408 0. 008142 9. ,68 
0.883 0.6388 0. .3232 0, .3158 0.5059 0.05349 0, .04768 0, .005809 8. ,02 
0.876 0.6308 0, .5661 0, .06483 0.8974 0.06656 0, .06556 0 .0009995 7. 51 
*Gel formation 
Table 3. Equilibrium data and separation factors for the system SmClg-NdCl^-
HCl-HgO-l M D2EHPA-Amsco at 0.11 M total aqueous concentration 
Aqueous phase concentrations 
(mole/1.) 
Mole 
fraction 
Organic phase concentrations 
(mole/1.) 
Separation 
factors 
HCl Total RE Sm Nd Xsn/XT Total RE Sm Nd ^Sm,Nd 
0. 39 7 0. 1080 0.01118 0 .09371 0.1035 0.08459 0.04193 0 .04266 8. 23 
0. 394 0. 1079 0.05717 0 .05076 0.5298 0.1108 0.09998 0 .01082 8.20 
0. 401 0. 1056 0.09602 0 .009544 0.9093 0.1190 0.1176 0 .001387 8.43 
0. 690 0. 1098 0.01783 0 .09205 0.1624 0.03434 0.02052 0 .01382 7.67 
0. 682 0. 1123 0.06217 0 .05012 0.5536 0.06159 0.05571 0 .005884 7.63 
0. 694 0. 1085 0.09819 0 .01034 0.9049 0.07339 0.07221 0 .001166 6.52 
0. 889 0. 1124 0.01390 0 .09853 0.1237 0.01783 0.009883 0 .007947 
r—
1 00 00 
0. 884 0. 1151 0.06566 0 .04946 0.5705 0.03855 0.03489 0 .003651 7.20 
0. 903 0. 1100 0.09829 0 .01179 0.8935 0.04933 0.04859 0 .0007325 7.94 
0. 844 0. 1115 0.03497 0 .07654 0.3136 0.3237 0.02568 0 .006693 8.40 
0. 813 0. 1091 0.07839 0 .03078 0.7185 0 .05189 0.04958 0 . 002306 8.44 
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Figure 3. Acid dependency curves for the system SmCl^-
NdClg-HCl-HgO-l M D2EHPA-Ainsco at 0.64 M 
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function of Ng^ ^  and H if interaction effects between Sm and 
Nd were absent. In other words, ideal behavior is followed. 
The straight line behavior for a mixture of two elements, 
extracted simultaneously, is obtained by making several sim­
plifying assumptions analogous to Rcioult's Law for ideal 
solutions. Suppose that the system variables (X^, H) 
are specified, then, one may assume that the Sm and Nd in the 
aqueous phase could be separated into two individual compart­
ments, each occupying a volume proportional to its mole 
fraction. Further, the content of each compartment may be 
equilibrated with a corresponding equal volume of D2EHPA. 
After equilibrium has been attained and phases separated, the 
* 
concentration of each pure element in the organic phase, yg^ 
* 
and y^^, may be obtained by measuring the concentration in each 
of the hypothetical compartments. However, if the content of 
each compartment in the organic phase is allowed to mix before 
the concentration of each element is measured, then the mixture 
* * 
concentration would differ from that of Ygj^/ and y^^ since they 
are contained in a greater volume. In fact, the concentration 
of each species in the organic phase would be its concentration 
in the pure state multiplied by its mole fraction in the aqueous 
phase. The concentration of each element in the organic phase 
extracted as described above may be expressed as: 
49 
?sm = <3" 
_ * 
%d = "8' 
It would be convenient at this time to define the new 
terms and y^^ as the "partial extractabilities" of each 
species. It should be emphasized again that the partial 
extractabilities are obtained only when the elements are 
extracted without interfering with each other. Nevertheless, 
there is an inherent constant interaction effect between like 
ions in the extraction of the pure components, as mentioned in 
the Equilibrium of CeCl^-HCl-HgO-l M D2EHPA-Amsco section. 
Therefore, the total organic concentration, if no interaction 
exists between Sm and Nd, would be the sum of the partial 
extractabilities, 
where is the total organic concentration if interaction is 
absent. The above equation indicates a straight line relation-
* * 
ship between y^^ and y^^ as shown in Figures 5 and 6. This 
straight line relationship is derived by making the assumption 
that in the extraction process, the intermolecular forces of 
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attraction in the binary system are the same as in the single-
component system for both phases. In other words, there are no 
interaction or synergistic effects present in the binary system. 
From the actual data in Figures 5 and 6, however, it is noted 
that the experimental deviates from linearity. The differ­
ence between the experimental value and the corresponding value 
on the straight line, AY^, is a measure of the total interaction 
effect. Once AY^ is known under the conditions of the system, 
then the total organic concentration may be calculated as 
follows ; 
The data obtained at a total aqueous concentration, X^, 
of approximately 0.64 M represents the concentration at which 
extraction is near a maximum for any one acidity. This is 
observed from the CeCl^ equilibrium data curves in Figure 1 and 
also in previous work (16) for the equilibrium data of NdClg 
and SmClg. At the above X^, where extraction is a maximum, it 
is expected that the interaction effects, AY^, will also be a 
maximum for any Xg^/X^ and any acidity H^. A comparison 
between the total interaction effects in Figures 5 and 6 
indicates that the above expectation is true. From either 
Figure 5 or 6, it is also observed that at any constant x^^/X^, 
the deviation from linearily becomes less as the acidity 
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increases. From the above observations, it seems that the 
total interaction effect is a direct function of the total 
extraction and that as the extraction decreases, linearity is 
approached. 
It is noted from Figures 5 and 6 that AY^ is positive for 
most of the Xg^/X^ range but becomes slightly negative at high 
mole fractions of Sm in the aqueous phase. Even though the 
data are subject to analytical errors, possible explanations 
for this discrepancy are as follows: (1) At high mole fractions 
of Sm in the aqueous phase, the mole fraction of Sm in the 
organic phase approaches 1 since 8.8; thus, inter-
molecular interaction is greater in the organic (2). The 
hydration number in the organic phase probably changes as the 
extraction changes, thus increasing the interaction in the 
organic phase. 
From Tables 2 and 3, it is seen that the separation factor, 
3gm variation for all conditions studied is not significant 
enough to draw any conclusions. The fact that the separation 
factor for the Sm-Nd system remains approximately constant for 
all conditions studied, was observed in previous work (16). 
Therefore, an arithmetic average of gg^ should be utilized 
for predicting equilibrium data. The average for 
0.64 M is 8.79 and for X^ 0.11 is 7.99. This is close to 
the value reported by Pierce and Peck (28) when Sm and Nd were 
extracted with D2EHPA from aqueous perchlorate solutions. 
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In order to understand better the total interaction 
effect, AY^, it is essential to study the behavior of each 
individual component in the organic phase, and 
The organic concentrations of the individual components 
and y^^ were calculated employing Equations 15 and 16 
respectively. The variable the aqueous phase was 
specified while the corresponding for each acidity was read 
from Figures 5 and 6. The arithmetic average of given 
above was utilized for each of the two total aqueous concentra­
tions . The individual organic concentrations calculated for 
H"*" = 0.5 M and 0.6 4 M as well as the corresponding Y^ are 
plotted in Figure 7. It is noted from Figure 7 that the total 
interaction effect AY^ is equal to the summation of the indi­
vidual interaction effects Ayg^ and Ay^^. Each interaction 
effect is the deviation of the concentration of each element 
in the organic phase from the partial extractability (ideal 
behavior) as defined in Equations 37 and 38. Therefore, 
Aygm = ygm - ysm = ^ Sm ' 
= ^Nd - ^ Kd = ^ Nd - ^ Nd'x^' 
The above interaction effects are important for predicting 
equilibrium data and they will be correlated as a function of 
*Sm/^T aqueous acidity. A reliable correlation for pre­
dicting Ayg^ and Ay^^ can be employed to calculate the total 
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Table 4. Sm-Nd interaction effects for the system SmCl^-NdCl^-HCl-HgO-l M D2EHPA-
Amsco at 'v, 0.64 M total aqueous concentration 
Acidity 
(moles/1.) 
HCl 
Mole Org. conc. 
fraction (moles/1.) 
Deviations from ideality 
Experimental Predicted 
T Ay Sm Ay Nd Ay Sm Ay Nd 
0 0.0597 — — — — — — mm — — — 
0.05 0.0652 +0.0143 -0.01228 0.01356 -0.01273 
0.10 0.0710 +0.02256 -0.01781 0.02112 -0.01699 
0.20 0.0822 +0.03145 -0.02205 0.03018 -0.02108 
0. 30 0.0925 +0.03553 -0.02238 0.03401 -0.02218 
0.40 0.0980 +0.03364 -0.02154 0.03401 -0.02147 
0.50 0.102 +0.02898 -0.01943 0.03094 -0.01947 
0.70 0.1075 +0.01486 -0.01291 0.01792 -0.01278 
0.90 0.1125 -0.0016 -0.00457 0.0000648 -0.004067 
0.95 0.1160 -0.0036 -0.00285 -0.003820 -0.001873 
1.0 0.1252 — — — — — — 
0 0.0447 — •—  ^ — — — 
0.05 0.050 +0 .01038 -0 .00828 0 .01088 -0.008658 
0.10 0.055 +0.01631 -0.01241 0.01691 - :.01156 
0.20 0.0662 +0.02379 -0.01505 0 .02405 -0.01434 
0.30 0.0758 +0.0273 -0.01539 0.02695 -0.01509 
0.40 0.0825 +0.02698 -0.0148 0.02678 -0.01461 
0.50 0.0873 +0.02398 -0.01343 0.02418 -0.01325 
0.70 0.0935 +0.01311 -0.00911 0.01372 -0.008695 
0.90 0.0995 +0.00047 -0.00327 0.0000474 -0.002767 
0.95 0.1025 -0.0014 -0.001635 -0.002717 -0.001274 
1.0 0.1087 — — — — — 
0.05 
I t  
I I  
I I  
I I  
I I  
I I  
I I  
I I  
I I  
0 . 6 0  
Table 4 (Continued) 
Acidity 
(moles/1. ) 
Mole 
fraction 
Org. conc. 
(moles/1.) 
Deviations from ideality 
Experimental Predicted 
HCl 
0.70 0 0.0330 _ _ _  ... _ _ _  
I I  0. 05 0.0380 +0.00729 -0 .00537 0 .008492 -0 .005890 
I I  0.10 0.0430 +0.01179 -0.00795 0.01316 -0.007865 
I f  0 . 20 0.0531 +0.01757 -0.00979 0.01863 -0.009756 
I I  0.30 0.0622 +0.02077 -0.0101 0.02077 -0.01027 
1 1  0 .40 0.0690 +0.0211 -0 .0097 0.02051 -0.009938 
I I  0 .50 0.0742 +0.01932 -0.00892 0.01838 -0.009011 
11 0.70 0.0836 +0.0135 -0.0060 0.01021 -0.005915 
I I  0.90 0.0868 +0.00056 -0.0022 0.0000337 -0.001882 
I I  0.95 0.0895 -0.00097 -0.00105 -0.001879 -0.0008669 
I I  1.0 0.0946 —  — —  —  — —  — 
o
 
CO
 
o
 
0 0.0241 — — — — —- — —' — — — — 
I I  0.05 0.0288 +0.005024 -0.0032 0 .006490 -0 .004007 
I I  0.10 0.0331 +0.00818 -0.00494 0.01004 -0.005351 
I I  0.20 0.0423 +0.01273 -0.00605 0.01414 -0.006636 
I I  0.30 0.0508 +0.01548 -0.00626 0.01568 -0.006984 
I I  0.40 0.0578 +0.01670 -0.00604 0.01538 -0.006761 
I I  0. 50 0.0622 +0.0150 -0.0057 0.01368 -0.006130 
11 0.70 0.0695 +0.00911 -0.00403 0.007443 -0.004024 
U  0.90 0.0748 +0.00037 -0.00151 0 .00002352 -0 .001281 
I I  0.95 0.0772 -0.00092 -0.000705 -0.001273 -0.0005897 
11 1.0 0.0817 — — — 
Table 5. Sm-Nd interaction effects for the system SmCl^-NdCl^-HCl-H-O-l M D2EHPA-
Amsco at 0.11 M total aqueous concentration 
Deviations from ideality 
Acidity Mole Org. conc. 
(moles/1. ) fraction (moles/1. ) Experimental Predicted 
HCl 
*Sm/%T Aygm 
0.40 0 0.0683 
0.05 0.0765 +0.01649 -0.01103 0 .01720 -0.01276 
I I  0.10 0.0822 +0.02634 -0.01793 0. 02566 -0.01805 
I I  0.20 0.0908 +0.03587 -0.02435 0.03524 -0.02360 
I I  0.30 0.0972 +0.03827 -0.02584 0.03902 -0.02549 
I I  0.40 0.1032 +0.03761 -0.02467 0.02885 -0.02503 
1 1  0.50 0.1082 +0.03456 -0.02211 0.03570 -0.02284 
I I  0.70 0.1142 +0.02216 -0.01469 0.02316 -0.01488 
i l  0.90 0.1191 +0.0066 -0.00523 0.006633 -0.004466 
I I  0.95 0.121 +0.00316 -0.002615 0.002808 -0.001964 
I I  1.0 0.1232 —  — —  —  —  —  — 
0.50 0 0.0516 mm ^  H M _ — — — — — — 
0.05 0.0570 +0.01164 -0.00889 0 . 01216 -0.009128 
I I  0.10 0.0618 +0.01859 -0.0137 0.01813 -0.01291 
I t  0.20 0.070 +0.02571 -0.01793 0.02490 -0.01687 
I I  0. 30 0.0772 +0.02834 -0.01867 0.02758 -0.01823 
I I  0.40 0.0839 +0.02876 -0.0177 0.02745 -0.01790 
I f  0.50 0.0894 +0.0271 -0.01585 0.02523 -0.01633 
I I  0.70 0.0964 +0.0182 -0.01057 0.01637 -0.01064 
I I  0.90 0.1018 +0.0617 -0.00376 0.004687 -0.003194 
I I  0.95 0.103 +0.00284 -0.00188 0.001984 -0.001405 
I I  1.0 0.1047 —  —  —  
Table 5 (Continued) 
Deviations from ideality 
Acidity Mole Org. conc. 
(moles/1.) fraction (moles/1.) Experimental Predicted 
HCl 
*Sm/*T ?T 
>1 <1 
A^Nd 
0.6 0 0.0385 — — — — — —— —« — mm 
I I  0.05 0.0425 +0.00804 —0.00666 0.008591 -0.006527 
I I  0.10 0.0460 +0.01255 -0.01028 0.01281 -0.009230 
11 0.20 0.0541 +0.01789 -0.01275 0.01760 -0.01207 
11 0. 30 0.0609 +0.0199 -0.01319 0.01949 -0.01304 
I f  0.40 0.0665 +0.01967 -0.01259 0.01940 -0.01280 
I I  0.50 0.071 +0.01769 -0.01134 0.01783 -0.01168 
I I  0.70 0.079 +0.01142 -0.00753 0.01157 -0.007607 
I I  0.90 0.0872 +0.00428 -0.00265 0.003312 -0 . 002284 
I I  0.95 0.0881 +0.00126 -0.001345 0.001402 -0.001004 
I I  1.0 0.0908 —  —  —  —  — —  —  — —  
0.7 0.0 0.0284 —' — — — — —• mm — — 
I I  0.10 0.0 334 +0.00786 -0.00505 0.009053 -0.006601 
I I  0. 30 0.0475 +0.01297 -0.00908 0.01377 -0.009321 
11 0.50 0.0570 +0.011 -0.0078 0.01260 -0.008351 
I I  0.70 0.0651 +0.00639 -0.00521 0.008172 -0.005440 
I I  0.90 0.0725 +0 .0003 -0.00184 0.002340 -0.001633 
I I  1.0 0.0791 
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organic concentration Y^. 
Using Equations 41 and 42, Ayg^ and were calculated as a 
function of Xg^yx^ and H^. The results are presented in Tables 
4 and 5 for X^ 0.64 M and 0.11 M respectively. The predicted 
values are also shown in Tables 4 and 5 for comparison. 
Models for Predicting Ayg^ and Ay^^ for the System 
SmClg-NdClg-HCl-HgO-l M D2EHPA-Amsco 
The individual component interaction effects Ay^^ and 
Ay^^f which were presented in Tables 4 and 5, are shown in 
Figures 8 and 9 as a function of Xg^^/X^ and acidity. In order 
to correlate the data in Figure 8 for X^ ~ 0.64 M as a function 
of Ng^ ^  and the following two empirical models are 
proposed : 
Ay&m ^1 ^ Sm,A^^ " ^ Sm,A^ (a^ - Ng^^^) e ^ (44) 
b2 b3 b^H* 
= ^1 Nsm,A(l - Nsm,A) ^ <45) 
where (a^,...,ag) and (b^y...,b^) are arbitrary constants to 
be evaluated empirically. Since the above models are non-linear 
in the parameters, the Gauss-Newton (14) analogy will be 
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utilized to fit the experimental data. The parameter vectors 
of Equations 44 and 45 converged to 
(a^,...,ag) = (2,2023, 0.7422, 0.4096, 0.9008, -4.002) (44a) 
and 
(b^,...,b4) = (-0.4239, 0.5075, 1.1582, -3.8522) (45a) 
respectively. Equation 44 predicts the data best in the ranges 
0.1 £ Ng^ ^ 0.9 and 0.5 £ _< 0.8 with an average error of 
less than 7%. Equation 45 predicts best in the ranges 0.05 ^ 
^ 0.9 and 0.4 •< £ 0.8 with an average error of less 
than 4%. 
The data in Figure 9 for 0.11 M are correlated non­
linear ly as previously described. The mathematical models and 
parameter vectors are: 
C C C.H+ 
AYsm = ClNgZ a(l - Msm,A) ^ (46) 
where (C^,...,C^) = (0.5612, 0.6775, 1.2931, -3.4724), 
d d3 d H+ 
A%d ~ ^1 ^ Sm,A^^ ~ ^ Sm,A^ ® 
where (d^,...,d^) = (-0.3099, 0.5959, 1.2315, -3.3533). 
Equation 46 predicts' the data best in the ranges 0.05 ^ ^ £ 
0.9 and 0.4 < < 0.7 with an average error of less than 3%. 
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Equation 47 predicts best in the ranges, 0.1 < ^ 0.9 and 
0.4 _< _< 0.7 with an average error of less than 3.5%. 
Since the individual interaction effects described by 
Equations 44, 45, 46 and 47 are a function of the aqueous phase 
variables only, they can be substituted directly into EquaLioii 
43 in order to calculate the total organic concentration Y^. 
Equilibrium for the Ternary System 
SmClg-NdClg-CeClg-HCl-HgO-l M D2EHPA-Amsco 
Equilibrium data for the above ternary system were 
obtained in order to measure the interaction effect of each 
component and study the separation factor variation, if any, 
under different conditions of the equilibrated aqueous phase. 
The total lanthanide concentration in the equilibrated aqueous 
phase, X^(Sm,Nd,Ce), was kept constant at approximately 0.64 M 
while the acidity was varied from 0.4 M to 0.8 M. The mole 
fraction of cerium in the equilibrated aqueous phase was also 
varied from 0.1 to 0.9 while the mole fraction of Sm on a 
cerium-free basis, Xgrn-^^^Sm ^d^ ' varied from 0.1 to 0.9. 
The equilibrium data, and separation factors under the 
conditions at which Xg^/(Xg^ + = 0.1, 0.5 and 0.9 are 
presented in Tables 6, 7 and 8 respectively. In order to 
adjust the data to a constant acid concentration parameter, 
the total organic concentration, Y^(Sm,Nd,Ce) was plotted 
against at a constant parameter, The data from 
Table 6. Equilibrium data and separation factors for the system SmClg-NdCl^-CeClg-
HCl-HgO-l M D2EHPA-Amsco at 0.64 M and ^d^ 0.1 
Aqueous phase concentrations Organic phase concentrations 
(moles/1. ) (moles/1. ) 
No 
• 
HCl Total RE Sm Nd Ce Total RE Sm Nd Ce 
1 0 .417 0. 6306 0 .06329 0 .5048 0 .06253 0.09104 0 .04709 0. 03945 0. 002387 
2 0 .408 0. 6267 0 .03345 0 .2954 0 . 2978 0.08125 0 .03414 0. 03059 0. 01653 
3 0 .411 0. 6306 0 .008145 0 .05556 0 . 5669 0.06223 C .01108 0. 009006 0. 04363 
4 0 .622 0. 6326 0 .06326 0 .5068 0 .06253 0.05562 0 .03037 0. 0 2 7 2 8  0. 001601 
5 0 .611 0. 6346 0 .03524 0 .2731 0 .3263 0.04699 0 .01969 0. 01788 0. 009417 
6 0 .606 0. 6425 0 .00731 0 .06039 0 .5669 0.03147 0 .005324 0. 004595 0. 02253 
7 0 . 821 0. 6316 0 .06396 0 . 5038 0 .06389 0.03218 0 . 0158 0 . 0161 0. 0009359 
8 0 .814 0. 6346 0 .03707 0 .2793 0 .3182 0.02504 0 .012 0. Oil 0. 005958 
9 0 .820 0 . 6128 0 .00651 0 .05569 0 .5506 0.01474 0. 002278 0. 01020 
Separation factors 
No. 
^Sm,Ce ®Sm,Nd ^Nd,Ce 
1 19.50 9.52 2.05 
2 18.39 9.85 1.87 
3 17.68 8. 39 2.11 
4 18.75 8.92 2.10 
5 19. 36 8. 53 2.27 
6 18.33 9.57 1.91 
7 16.86 7.73 2.18 
8 17.29 8.22 2.10 
9 — — — — — — 2. 21 
Table 7. Equilibrium data and separation factors for the system SmCl^-NdCl^-CeCl^-
HCI-H2O-I M D2EHPA-Amsco at ^ 0.64 M and ^ 0.5 
Aqueous phase concentrations Organic phase concentrations 
(moles/1. ) (moles/1. ) 
No. HCl Total RE Sm Nd Ce Total RE Sm Nd Ce 
1 0. 394 0. 6050 0. 2727 0. 2680 0. 06079 0 .1201 0 .1088 0 .01139 0 .001141 
2 0. 391 0. 6107 0. 1580 0. 1524 0 . 3080 0 .1082 0 .09002 0 .009168 0 .008732 
3 0. 383 0. 6159 0. 03166 0. 3042 0. 5528 0 .08075 0 .4408 0 .004456 0 .03525 
4 0. 616 0. 6198 0. 2840 0. 2678 0. 06707 0 .08629 0 .07744 0 . 007993 0 .000857 
5 0. 619 0. 6336 0. 1546 0. 1507 0. 3283 0 .07133 0 .05884 0 .006274 0 .006206 
6 0. 616 0. 6376 0. 03506 0. 03154 0. 5710 0 .04092 0 .02589 0 .002403 0 .01918 
7 0. 688 0. 6092 0. 2823 0. 2717 0. 06130 0 .0757 0 .06764 0 .006893 0 .000797 
8 0. 675 0. 6182 0. 1616 0. 1530 0. 3089 0 .0624 0 .05297 0 .005542 0 .005151 
9 0. 659 0. 6253 0. 03978 0. 03167 0. 5625 0 .0360 0 .02138 0 .001840 0 .01547 
10 0. 826 0. 6316 0. 2811 0. 2899 0. 06525 0 .05865 0 .5194 0 .006036 0 .0006665 
11 0. 814 0 . 6316 0. 1565 0. 1611 0. 3140 0 .04455 0 .03657 0 . 003563 0 .004416 
12 0. 819 0. 6227 0. 0334 0. 03029 0. 5590 0 .02127 0 .01349 0 .001311 0 .0102 
Separation factors 
No. 
^Sm,Ce ^Sm,Nd ^NdfCe 
1 21.29 9.38 2.27 
2 20.10 9.48 2.12 
3 22.01 9.54 2.30 
4 21.62 9 .13 2.34 
5 20.14 9.14 2.20 
6 21.98 9.69 2.27 
7 18.44 8.46 1.96 
8 19.66 9 .05 2.17 
9 19.50 8.41 2.11 
10 18.10 8.88 2.04 
11 16.62 10.56 1.57 
12 22.13 9.33 2.37 
Table 8. Equilibrium data and separation factors for the system SmCl^-NdCl^-CeCl^-
HCl-HgO-l M D2EHPA-Amsco at 0.64 M and ^gm'^^^Sm ^ ^ Nd^ 0.9 
Aqueous phase concentrations Organic phase concentrations 
(moles/1. ) (moles/1. ) 
No. HCl Total RE Sm Nd Ce Total RE Sm Nd Ce 
1 0.408 0. 6252 0. 5049 0. 05781 0. 06253 0.1238 0. 1215 0. 001524 0. 000740 
2 0. 416 0. 6346 0. 2881 0. 03251 0. 3140 0.1148 0. 1075 0 . 0001377 0 . 00593 
3 0.415 0. 6306 0. 06078 0. 006919 0. 5629 0.08199 0. 0505 0. 000693 0. 0263 
4 0.620 0. 5614 0. 4418 0. 05704 0. 06253 0.09777 0. 09575 0. 001305 0. 0007051 
5 0.617 0 . 6534 0. 2834 0. 03149 0. 3385 0.08264 0 . 07644 0. 001017 0. 004795 
6 0.626 0. 6336 0. 06377 0. 006927 0. 5629 0.04790 0. 03082 0. 0004195 0. 01666 
7 0 . 8 2 2  0. 6296 0. 5071 0 . 05991 0 . 06253 0.0730 0. 07174 0. 0008011 0. 0004858 
8 0.810 0. 6336 0. 2839 0. 03161 0. 3181 0.05812 0. 06205 0. 0008926 0. 003428 
9 0.806 0. 6366 0. 1069 0. 01166 0. 5180 0.03756 0. 02980 0. 0003814 0, 007377 
Separation factors 
No. 
^Sm,Ce ^Sm,Nd ^Nd,Ce 
1 20.34 9.13 2.23 
2 19.76 8=81 2.24 
3 17.78 8.29 2.14 
4 19.21 9.47 2.03 
5 19.05 8. 35 2.28 
6 16.34 7.78 2.05 
7 18.21 10.58 1.72 
8 20 .28 7.74 2,62 
9 19.58 8.52 2.29 
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Tables 6, 7 and 8 are given in Figures 10, 11 and 12 respec­
tively. The values of (Sm,Nd,Ce) corresponding to different 
mole fractions of cerium in the aqueous phase were read from 
the above graphs and plotted in Figures 13, 14 and 15 
respectively, with the acid concentration as a parameter. The 
end-points in Figures 13, 14 and 15 at 0.0% cerium ^ = 0) 
were determined using the Sm-Nd mixture data. From the 
ternary system, if the mole fraction of Sm in the aqueous phase 
is specified on a cerium-free basis, ^gm^^^Sm ^  ^ Nd^' then the 
values of Y^(Sm,Nd) can be read from Figure 5 at each acidity 
and plotted in Figures 13, 14 and 15. The above values can 
also be calculated directly employing Equation 43. However, 
one must realize that in this relation instead of substituting 
the mole fraction of Sm, Xg^/X^, of the ternary system, one 
substitutes the mole fraction of Sm on a cerium-free basis, 
^Sm^ ^ ^ Nd^ * end-points of Figures 13, 14 and 15 at 
100% cerium ^ = 1) were calculated using Equation 34. 
This equation can be used, assuming that under the conditions 
of the system all of the rare earths, (Sm,Nd,Ce), are pure 
cerium. 
The individual component interaction effects Ayg^, Ay^^ and 
Ay^g of the ternary system may be obtained in an analogous 
manner as explained in the section entitled Equilibrium of 
SmClg-NdCl^-HCl-HgO-l M D2EHPA-Amsco. The partial extrac-
tabilities in the ternary system are defined as: 
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* 
'Nd ^Nd^X^ ^ 
Fee = (^^c) 
The above straight lines are plotted in Figure 16 for the 
conditions where = 0.5 M and = 0.5. These 
lines represent the extraction of each component under the 
assumption that the metal ions do not interact during the 
extraction process. In other words, it is assumed that iaeal 
behavior analogous to Raoult's law occurs. Under the above 
assumptions, therefore, the total organic concentration in the 
ternary system may be predicted by the summation of the partial 
extractabilities, 
y^(Sm,Nd,Ce) = ygp^(]Ç-) + YNd^îÇ"^ ^ 
It should be noted that the right hand side of Equation 49 is 
a function of the equilibrium aqueous phase variables only. 
This is true since the pure component organic concentrations 
* * * 
r y». and y„ are a function of the total aqueous concentra-
Ce Nd Sm 
tion and aqueous acidity as shown in Equations 34, 35 and 36 
respectively., 
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From Figure 16, it is observed that the experimental data 
for the total organic concentration deviate from the linear 
relation of Equation 49. This is expected since during the 
extraction process there is a definite interaction between the 
different metal ions in both phases and also between like ions. 
These interactions work synergistically and increase the total 
organic concentration from that of Equation 49 by a AY^. As 
previously discussed, the total interaction effect is the sum­
mation of all the individual component interaction effects, 
The addition of Equations 49 and 50 gives the as measured 
experimentally. The above interaction effects need to be 
determined and correlated as a function of and 
*Sm/(*Sm ^ ^ d^* Bach individual term may be obtained by 
subtracting the partial extractability y^^ from the correspond­
ing experimental concentration at each condition studied. 
Aysm = ygm - ïsm = ^Sm ' 
- * ^Nd 
AyNd " ^Nd ~ ^Nd " %d ~ ^Nd 
A^Ce = ïce - ^ ce = ^Ce " 
Before this is done, however, we need to discuss the separation 
factor variation. 
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It is noted from Tables 6, 7 and 8 that the separation 
factor of any pair of elements in the Sm-Nd-Ce system remains 
approximately constant under all conditions studied. As 
discussed previously, the separation factor remained constant 
in the Sm-Nd binary system for all conditions studied. 
Another observation to be made from the separation factor 
studies is that g for each pair in the ternary system is almost 
the same as in the binary system. The average in Tables 
6, 7 and 8 for the ternary system is 8.96 while that of the 
binary system in Tables 2 and 3 is ^ 8.40. In order to verify 
that and 3^^ in the ternary system are also the same 
as in the corresponding binary systems, several equilibrium 
data points were obtained for the Sm-Ce and Nd-Ce systems. The 
equilibrium data and separation factors are presented in Table 
9. It is noted from Tables 6, 1 and 8 that the average 
and in the ternary system are 19.0 8 and 2.23 respectively. 
From Table 9 for the binary systems, gg^ = 18.9 and g^^ 
= 2.01. The values are all very close, well within the experi­
mental error, and one may conclude that the separation factor 
in a binary system remains the same for the corresponding pairs 
in the ternary system. 
The organic concentration of each component, y^^, y^^ and 
y^^ were calculated through Equations 22, 23 and 24, using an 
average separation factor. All the aqueous phase variables 
were specified and the corresponding Y^(Sm,Nd,Ce) for each 
Table 9. Equilibrium data and separation factors for the systems (SmCl^-CeCl^ 
NdCl^-CeCl^) - HCl-H^O-1 M D2EHPA~Amsco at % 0.64 M total aqueous 
and 
concentration 
Aqueous phase concentrations 
(moles/1.) 
Organic phase concentrations 
(moles/1.) 
No. HCl Total RE Sm Nd Ce Total RE Sm Nd Ce 
1 0. 392 0.6405 0 . 4562 0 .1897 0.1252 0 .1222 — — — 0 .002960 
2 0.401 0.6296 0 .1937 0 .4282 0.1081 0 .09708 0 .01102 
3 0.405 0.6326 0 . 4476 0 .1897 0.07364 — — — 0 .0612 0 .01244 
4 0 . 4 0 8  0.6336 0 .1942 0 .4405 0.05980 — 0 .02766 0 .032135 
5 0. 824 0.6305 — — — 0 .3160 0 .3120 0.01809 — — — 0 .01262 0 .00574 
Separation factors 
No. 
^Sm,Ce ^Nd,Ce 
1 18.41 
2 19.48 
3 2.08 
4 — 1.95 
5 — — — 2.01 
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acidity was read from Figures 13, 14 and 15. The average 
separation factors utilized in the expressions are = 
Ï9.50, = 9.06, and 3^^ = 2.16. These values are near 
the ones published by Pierce and Peck (28). The composition of 
the organic phase in the ternary system under the conditions 
that h"^ = 0.5 M and + x^^) = 0.5 for various 
are plotted in Figure 16. The above Figure shows the individual 
interaction effects clearly. Since the interaction effects 
defined by Equations 51a, b and c are important in predicting 
equilibrium data, they will be correlated as a function of 
Xce/X^, Xg^/CXgm + and h"*". The calculated values are 
tabulated as a function of and x^^/X^ in Tables 10, 11 and 
12 for the conditions ^d^ ~ 0.1, 0.5 and 0.9, 
respectively. The predicted values are also shown in these 
tables for comparison. Once a correlation is available to 
predict Ayg^, Ay^^ and Ay^^ in terms of the equilibrium aqueous 
phase variables, then the organic concentration may be cal­
culated as follows: 
^T " ^ %d ^%d ^Ce ^^Ce * 
Table 10. Sm-Nd-Ce interaction 
D2EHPA-Amsco at 
Aqueous 
Acidity Mole Org. conc. 
(moles/1.) fraction (moles/1.) 
HCl *Ce/*T Total RE 
0.10 0. 0942 
0. 30 0.0896 
0.50 0.0820 
0.60 0.0783 
0.70 0.0741 
0. 80 0 .0693 
0.90 0.0632 
0.10 0.0737 
0. 30 0.0698 
0.50 0.0623 
0.60 0.0585 
0.70 0.0546 
0. 80 0.0501 
0.90 0.0446 
0.10 0.0574 
0. 30 0.0544 
0. 50 0.0476 
0.60 0.0438 
0.70 0.040 
0.80 0.0357 
0.90 0.0308 
effects for the system Smd2-NdCl2-CeClg-HCl-H20-l M 
0.64 M and Xg/ (Xg^ + ~ O-l 
Deviations from ideality 
Experimental Predicted 
Aysm AYce Aygm A^Nd Ayce 
0. ,03259 -0. 0185 -0, .00283 0, .03359 -0. , 01870 -0. 00260 
0. 03016 -0, .00967 -0, .00744 0, .03075 -0, .00969 -0. 00793 
0, .02534 -0 .00311 -0, .01044 0, 02576 -0, .00287 -0. 01080 
0, .02244 -0 , .00033 -0 , .01086 0 .02238 -0 , .00040 -0. 01094 
0 .01880 0 .00173 -0 .0103 0 .01834 + 0 .00138 -0. 01006 
0, .01418 0 . 00279 -0 . 0084 0 .01353 + 0 .00234 -0. 00806 
0 .00809 0 . 00240 -0 .00484 0 .00777 + 0 .00226 -0 . 00481 
0 .02461 -0 .01265 -0 .00162 0 .02411 -0 .01237 -0. 00128 
0 .02278 -0 .00627 -0 .00409 0 .02208 -0 .00641 -0. 00390 
0 .01860 -0 .00215 -0 .00562 0 .01850 -0 .00190 -0. 00532 
0 .01616 -0 .00043 -0 .00575 0 .01607 -0 .00026 -0. 00538 
0 .01336 0 .00091 -0 .00523 0 .01317 0 .00091 -0. 00495 
0 .00989 0 .00158 -0 .00397 0 .00972 0 .00155 -0. 00397 
0 .00550 0 .00135 -0 .0019 0 .00558 0 .00150 -0. 00237 
0 .01817 -0 .0084 -0 .00088 0 .01732 -0 .00818 -0. 00063 
0 .01697 -0 .00373 -0 .00202 0 .01585 -0 .00424 -0. 00192 
0 .01355 -0 .00124 -0 . 00262 0 .01328 -0 .00126 -0. 00262 
0 .01150 -0 .00033 -0 .00264 0 .01154 -0 .00017 -0. 00265 
0 .00928 0 .0004 -0 .00230 0 .00945 0 .00060 -0. ,00244 
0 .00665 0 . 00074 -0 .00167 0 .00698 0 .00102 -0. ,00195 
0 .00357 0 .00062 -0 .00074 0 .00400 0 .00099 -0. 00116 
Table 10 (Continued) 
Aqueous Deviations from ideality 
Acidity Mole Org. conc. 
(moles/1. ) fraction (moles/1. ) Experimental Predicted 
KCl 
*Ce/*T Total RE Aysm A^Ce A^Nd >
 
o
 
(D 
0. 70 0.10 0.0440 0 .01290 -0.00541 -0.00048 0 .01243 -0.00541 -0.00031 
f t  0. 30 0.0409 0 .01185 -0.00243 -0.00104 0 .01138 -0.00280 -0.00095 
I t  0.50 0.0353 0 .00934 -0.00085 -0.00129 0 .00935 -0.00831 -0.00129 
I I  0 .60 0.0327 0 . 00805 -0.00011 -0.00110 0 .00828 -0.00011 -0.00131 
I t  0.70 0.030 0 .00656 0.00045 — 0.00066 0 .00679 0.00040 -0.00120 
I t  0 . 80 0.0265 0 .00466 0.00058 -0.00017 0 .00501 0.00068 -0.00096 
t l  0.90 0.0224 0 .00244 0.00040 0.00034 0 .00287 0.00065 -0.00057 
O
 
00 o
 0.10 0.0326 0 .00852 -0.00373 -0.00033 0 .00893 -0.00358 -0.00015 
f t  0. 30 0.0294 0 .00756 -0.00198 -0.00078 0 .00817 -0.00185 -0.00047 
I t  0.50 0.0252 0 .00598 -0.00084 -0.00100 0 .00685 -0.00055 -0.00064 
t l  0.60 0.0233 0 .00516 -0.00029 -0.00090 0 .00594 -0.00008 -0.00064 
I t  0.70 0.0212 0 .00420 O.OOOIC — 0.00068 0 .00487 0.00026 -0.00059 
1 1  0. 80 0.0187 0 .00300 0.00026 -0.00036 0 . 00360 0.00045 -0.00047 
I t  0.90 0.0157 0 .00156 0.00020 -0.00011 0 . 00206 0.00043 -0.00028 
Table 11. Sm-Nd-Ce interaction effects for the system SmCl^-NdClg-CeCl^-HCl-
H^O-1 M D2EHPA-Amsco at 0.64 M and ^Nd^ 0.5 
Aqueous Deviations from ideality 
Acidity Mole Org. conc. 
(moles/1. ) fraction (moles/1. ) Experimental Predicted 
HCl ^ce/^T RE Ayg^ '^^Ce 
0. 40 0.05 0. 1180 0.03564 -0.02595 -0, .00299 0, 03566 -0. 02646 -0. 00157 
I I  0.10 0. 1183 0.0390 -0.02400 -0, .00424 0, .03848 -0. 02429 -0. 00367 
I t  0. 30 0. 1143 0.0474 -0 .01679 -0. 01197 0 .04716 -0. 01634 -0. 01266 
I I  0. 50 0. 1056 0.05018 -0.01019 -0, .01827 0 .05087 -0. 00961 -0 . 01935 
I I  0.60 0. 1000 0.0496 -0.00711 -0 .02048 0 .05033 -0. 00675 -0 . 02098 
I I  0.70 0. 0936 0.04723 -0.00422 -0 .02149 0 . 04769 -0. 00429 -0. 02098 
I I  0. 80 0. 0859 0.04174 -0.00168 -0 .02035 0 .04216 -0. 00226 -0. 01885 
I I  0.90 0. 0761 0.03004 0.00017 -0 .01442 0 .03191 -0. 00076 -0 . 01362 
I I  0.95 0. 0692 0.01893 0.00052 -0 . 00760 0 .02315 -0. 00025 -0. 00907 
0. 50 0.10 0. 1025 0.03503 -0.01676 -0 .00263 0 .03430 -0. 01648 -0. 00206 
11 0. 30 0. 0985 0.04151 -0.01148 -0 .00726 0 .04069 -0 . 01108 -0. 00712 
I I  0.50 0. 0899 0.0428 -0.00674 -0 . 01075 0 .04202 -0. 00651 -0. 01088 
I I  0.60 0. 0839 0.04133 -0.00461 -0 .01181 0 .04040 -0. 00458 -0. 01179 
I I  0.70 0. 0766 0.03797 -0.00269 -0 .01211 0 .03688 -0. 00291 -0. 01180 
I I  0.80 0. 0680 0.0322 -0.00103 -0 .01102 0 .03094 -0 . 00153 -0. 01060 
I t  0.90 0. 0573 0.02192 0.00013 -0 .00702 0 .02141 -0 . 00051 -0. 00767 
0 , . 60 0.10 0. 0877 0.02926 -0.01149 -0 .00158 0 .02935 -0. 01117 -0. 00116 
I I  0.30 0. 0835 0.0343 -0.00766 -0 .00423 0 .03371 -0. 00752 -0. 00400 
I I  0.50 0. 0746 0.03432 -0.00439 -0 .00604 0 .03333 -0. ,00442 -0. 00612 
0.60 0. , 0683 0.03229 -0.00297 -0 .00651 0 .03113 -0. ,00311 -0. ,00663 
0.70 0. , 0610 0.02889 -0.00171 -0 .00648 0 .02738 -0. ,00197 -0. ,00663 
I I  0.80 0 . 0525 0.02365 -0.00066 -0 .0056 0 .02180 -0. ,00104 -0. ,00596 
11 0.90 0. ,0421 0.01526 -0.00005 -0 .00312 0 .01379 -0. 00035 -0. 00430 
Table 11 (Continued) 
Aqueous Deviations from ideality 
Acidity Mole Org. conc. 
(moles/1. ) fraction (moles/1. ) Experimental Predicted 
HCl 
*Ce/*T Total RE ^^Nd 
0.70 0.10 0.0739 0 .02326 -0.00757 -0.00095 0 .02442 -0.00758 -0.00065 
I I  0 . 30 0.0684 0 .02611 -0.00501 -0.00250 0 .02715 -0.00510 -0.00225 
I I  0.50 0.0586 • 0 .02462 -0.00292 -0.00355 0 .02570 -0.00300 -0.00344 
I I  0 .60 0.0523 0 .02243 -0 .00203 -0.00384 0 .02332 -0.00211 -0. 00373 
I I  0. 70 0.0457 0 .01966 -0.00121 -0.00380 0 .01976 -0.00134 -0.00373 
I I  0.80 0.0384 0 .01578 -0.00051 -0.00324 0 .01493 -0.00070 -0.00335 
I t  0.90 0.0298 0 . 00992 -0.00003 -0.00177 0 .00863 -0 .00024 -0.00242 
o
 
00
 
o
 
0.10 0.0623 0 .01877 -0.00472 -0.00060 0 . 01990 -0.00514 -0.00037 
I I  0. 30 0.0562 0 .02008 -0.00307 -0 .00155 0 .02142 -0.00346 -0.00127 
I I  0.50 0.0464 0 .01783 -0.00180 -0.00223 0 .01941 -0.00203 -0.0019 3 
I I  0.60 0.0410 0 .01609 -0.00124 -0.00239 0 .01711 -0 .00143 -0.00210 
I I  0. 70 0.0351 0 .01374 -G.00074 -0.00239 0 .01397 -0.00091 -0.00210 
I I  0. 80 0.0290 0 .0109 -0.00030 -0.00202 0 .01002 -0.00048 -0.00188 
0.90 0.0217 0 .00658 -0.00002 -0 .00122 0 .00530 -0 .00016 -0.00136 
Table 12. Sm-Nd-Ce interaction effects for the system SmCl^-NdClg-CeClg-HCl-HgO-l 
M D2EHPA-Amsco at 0.64 M and ^Nd^ 0.9 
Aqueous Deviations from ideality 
Acidity Mole Org. conc. 
(moles/1. ) fraction (moles/1. ) Experimental Predicted 
HCl 
^Ce^^T Total RE AYce AYsm AYwd AYce 
0 .40 0.10 0.1307 0 .00907 -0.00555 -0 .00463 0 .01166 -0.00571 -0.00409 
1 1  0. 30 0.1273 0 .03006 -0.00404 -0.01333 0 .03038 -0.00403 -0.01388 
I I  0.50 0.1173 0 .04346 -0.00261 -0.02095 0 .04407 -C. 00252 -0.02199 
I I  0.60 0.1111 0 .04821 -0.00193 -0.02399 0 .04842 -C .00185 -0.02463 
1 !  0. 70 0.1043 0 .05133 -0.00126 -0.02597 0 .05049 -0.00124 -0.02583 
I I  0. 80 0.0958 0 .05074 -0.00064 -0.02592 0 .04931 -0.00070 -0.02492 
I f  0.90 0.0842 0 .04196 -0.00011 -0.02065 0 .04244 -0.00027 -0.02048 
0 .50 0.10 0.1136 0 .01010 -0.00401 -0.00296 0 .01065 -0. 00396 -0.00240 
t l  0.30 0.110 0 .02722 -0.00288 -0.00842 0 .02708 -0.00279 -0.00815 
1 1  0.50 0.101 0 .03812 -0.00183 -0.01297 0 .03803 -0.00175 -0.01291 
1 1  0.60 0.0937 0 .04030 -0.00134 -0.01472 0 .04901 -0.00128 -0.01447 
1 1  0.70 0.0856 0 .04094 -0.00087 -0.01575 0 .04148 -0 . 00086 -0.01517 
1 1  0.80 0.0764 0 .03906 -0.00044 -0.01532 0 .03896 -0.00049 -0.01464 
1 1  0.90 0 .0641 0 .03076 -0.00008 -0.01148 0 .03137 -0.00019 -0.01203 
0 .60 0.10 0.1005 0 .01062 -0.00281 -0.00184 0 .00933 -0.00274 -0.00141 
0. 30 0.0970 0 .02509 -0 .00198 -0.00513 0 .02317 -0.00194 -0.00479 
I I  0.50 0.0866 0 .03207 -0.00124 -0.00774 0 .03151 -0.00121 -0.00758 
I I  0.60 0.0794 0 .03320 -0.00090 -0.00864 0 .03316 -0.00089 -0.00850 
1 1  0.70 0.0708 " 0 .03247 -0.00058 -0.00907 0 .03272 -0.00059 -0.00891 
1 1  0. 80 0.0611 0 .02970 -0.00029 -0.00853 0 .02955 -0.00034 -0.00860 
I I  0.90 0.0492 0 .02248 -0.00005 -0.00569 0 .02226 -0.00013 -0.00706 
Table 12 (Continued) 
Aqueous Deviations from ideality 
Acidity Mole Org. conc. 
(moles/1. ) fraction (moles/1. ) Experimental Predicted 
HCl Total RE AYce A^Nd 
o
 
-
J o
 
0.10 0.0874 0 .00909 -0.001918 -0.001157 0 .00796 -0 . 00190 -0.00828 
I I  0.30 0.0824 0 .01982 -0.001335 -0.00316 0 .01927 -0 .00134 -0 . 00281 
I I  0.50 0.0719 0 .02464 -0.000825 -0.004669 0 .02538 -0.00084 -0.00445 
I I  0.60 0.0650 0 .02512 -0.000594 -0.005139 0 .02614 -0.00062 -0.00499 
I f  0.70 0.0574 0 .02455 -0.000375 -0.005236 0 .02509 -0.00041 -0.00523 
I t  0. 80 0.0483 0 .02189 -0.000182 -0.004725 0 .02179 -0.00024 -0.00505 
0.90 0.0371 0 .01581 -0.000031 -0.00283 0 .01536 -0.00009 -0.00415 
0.80 0.10 0.0753 0 .00774 -0.00128 -0.000762 0 .00664 -0.00131 -0.00049 
I I  0. 30 0.0704 0 .01644 -0.00085 -0.00203 0 .01571 -0.00093 -0.00165 
I f  0.50 0.0598 0 .01917 -0.000519 -0.002964 0 .02002 -0.00058 -0.00262 
I I  0. 60 0.0536 0 .01942 -0.000365 -0.003207 0 .02019 -0.00043 -0.00293 
I I  0. 70 0.0466 0 .01863 -0.000224 -0.0032 0 .01885 -0.00029 -0.00307 
I I  0. 80 0.0385 0 .01633 -0.000101 -0.002765 0 .01574 -0.00016 -0.00296 
I I  0.90 0.0283 0 .01121 -0.000013 -0.001554 0 .01038 -0.00006 -0.00244 
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Models for Predicting Individual Interaction Effects 
for the System SinClg-NdCl2-CeClg-HCl-H20-l M 
D2EHPA-Amsco 
The interaction effects presented in Tables 10, 11 and 12 
for the above ternary system are plotted in Figures 17, 18 and 
19, respectively. It is observed from these graphs that 
and Ay^g are of the same form for all Xg^/(Xg^ + values 
and mostly negative. However, Ayg^ seems to possess a positive 
displacement of maxima to a higher value of x^,^/X^ as Xg^/ 
(Xg^ + Xj^^) is increased. The reason why this happens is not 
well understood, however, it is believed to be dependent on 
the separation factors of each pair, the pure component equi­
librium data, the mole fraction of each component in the aqueous 
phase and the total extractability, Y^. All the reasons 
mentioned above have an effect on the intermolecular interaction 
of all ions and thus change the deviation from ideality. 
Since the empirical models required to correlate all the 
interaction effects are non-linear in the parameters, the Gauss-
Newton (14) technique was utilized to estimate the parameter 
vectors. Since the procedure was explained for the binary 
system, the model and the results will be presented without 
explanation. The empirical models and parameter vectors for 
the data in Figure 17 for Xg^/(Xg^ + x^^) = 0.1 are: 
Aygm = ^ e ^ (53a) 
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where = (0.09574, 1.3466, 0.8669, -3.313), 
A^Nd - '"s-^ce' 3^4" (53fa) 
where (b^,...,bg) = (-0.2024, 0.6816, 0.6191, -4.1348), 
^2 ^3 ^4^ 
Ayce = CiNce <l-"ce' ® <"=> 
where (C,,...,C.) = (-0.8377, 1.234, 0.9534, -7.086). 
Equation 53a predicts best with an average error of less than 
2.8% in the ranges 0.1 £ £ 0.9 and 0.4 £ £ 0.7. 
Equations 5 3b and 53c predict best with an average error of 
less than 2.8% and 3.5% respectively in most of the ranges of 
the experimental data except at extreme values. The data in 
Figure 18 for ^ ^ d^ =0.5 are predicted by the models 
AYsm = (Nee + ">2' ® <54a) 
Where (d^,...,d4) = (0.7362, 0.4054, 1.2928, -3.2453), 
g? 93%^ 
Ay^d = e (54b) 
where (g^^z-.-zg^) = (-0.1356, 1.5785, -3. 8826), 
89 
^2 „ ,^3 ^4^ 
A^Ce = ^l^Ce ® ^54c) 
where (h^y...,hj) = (-0.7586, 1.2834, 0.6870, -5.7577). 
Equation 54a predicts best in the ranges 0.05 £ £ 0.9 and 
0.4 _< £ 0.8 with an average error of less than 3.5%. 
Equation 54b predicts best in the ranges 0.1 £ £0.9 and 
0.4 £ £ 0.7 with an average error of less than 3.2%. 
Equation 54c predicts the data with an average error of less 
than 3% in most of the range except at extreme values. The 
data in Figure 19 for ^ ^ Nd^ ~ 0 « 9 are predicted by 
the models, 
k,H+ k.H+ 
Aygm = + kj) (l-N^e) e (55a) 
W h e r e  ( k j ^ , . . . , k ^ )  = (0.9567, 0.006978, 0.9620, -3.0384). 
Po PoH"^ 
AyQd = Pi(l-Nce) ® (55b) 
where (p^,...,pg) = (-0.02864, 1.3877, -3.6660), 
m„ m- m.H* 
Ayce = Vce ® <55^) 
where (m^,...,m^) = (-0.6074, 1.2247, 0.4916, -5.3225). 
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The average error of Equation 55a is less than 2.2% for 
0.1 £ _< 0.9 and 0.4 £ £ 0.8. The average error of 
Equations 55b and 55c is less than 2.8% and 3% respectively, 
in most of the range except at extreme conditions. The calcu­
lated Ayg^, the conditions where 
x^^) = 0.1, 0.5 and 0.9 are presented in Tables 10, 11 and 12 
respectively for comparison with the experimental data. 
A summary of all the mathematical models available for 
predicting the organic phase are presented in Table 13. From 
here on, a Roman numeral will be assigned to each model and the 
reference will be made with respect to the models in Table 13. 
Table 13. Empirical models 
No. Model followed by parameter vector Data predicted Avg. error 
less than 
2 
* a^ a^x (a. + a_H + agH ) 
I ^ce ~ ^1^ G H Single-component, CeCl^ 3% 
(aw...,a^) = (0.01656, 0 . 3 5 8 8 ,  -0.8581, 
^ ^ -0.7032, -5.3893, 4.927) 
* b b X (b- + b.H + b.H^) 
II = bj^x e H Single-component, NdCl^ 6% 
(b,,...,b-) =(0.02048, 0.2577, -0.5758, 
^ ^ -0.9282, -2.9195, 0.5755) 
2 
* c„ c - x  (c. + c c h  + c g h  ) 
III y^^ = c^x e H Single-component, SmCl^ 5% 
(Ct,...,C,) = (0.08674, 0.2448, -0.4742, 
^ ° -0.9287, 0.3133, -1.4158) 
IV Aygm = ®lNsm ^ ^ ® ^ 
(aT,...,ac) = (2.2023, 0.7422, 0.4096, 
^ ^ 0.9008, -4.002) 
Interaction effect of Sm 7% 
in binary system at 
(Sm,Nd) 0.64 M 
Table 13 (Continued) 
No. Model followed by parameter vector Data predicted Avg. error 
less than 
V Ay Nd 
b b b H 
. ,b.) = (-0.4239, 0.5075, 
^ 1.1582, -3.8522) 
Interaction effect of Nd 
in binary system at 
X^(Sm,Nd) ~ 0.64 M 
4% 
VI Ay Sm 
(c^,. 
^2 ^3 ^4^ 
.,c.) = (0.5612, 0.6775, 
^ 1.2931, -3.4724) 
Interaction effect of Sm 
in binary system at 
X^(Sm,Nd) 0.11 M 
3% 
-y 
VII Ay Nd 
(d^. 
d d d H 
Am ® 
.,d.) = (-0.3099, 0.5959, 
^ 1.2315, -3,3533) 
Interaction effect of Nd 
in binary system at 
X^(Sm,Nd) 0.11 M 
3.5% 
VIII Aygm = (Hce + a^)(1 N^g) 
aj a,H+ 
e Interaction effect of Sm 2.8% 
in ternary system for 
(a, / • • • , a -) = (0.09574, 1. 3466, and i 4 0.8669, -3. 313) X^(Sm,Nd,Ce) 0.64 
Table 13 (Continued) 
No. Model followed by parameter vector Data predicted Avg. error 
less than 
IX Ay Nd 
b b^H 
bi(l-Nce) (fs-Hce) ^ 
.,b.) = (-0.2024, 0.6816, 
^ 0.6191, -4.1348) 
Interaction effect of Nd 
in ternary system for 
*sn/(xsm + 
X^(Sm,Nd,Ce) 'v 0.64 
2 . 8 %  
^2 ,(^3 (=4^ 
X AYce = (1-Nce) e 
(c,,...,c.) = (-0.8377, 1.234, 
^ ^ 0.9534, -7.086 
Interaction effect of Ce 
in ternary system for 
X^(Sm,Nd,Ce) 0.64 
3.5% 
a H+ d H+ 
'"ce + "^2' 
(di ,...,d.) = (0. 7362, 0.4054, 
^ ^ 1.2928, -3.2453) 
Interaction effect of Sm 
in ternary system for 
Xsm/'*Sm + ^Nd' = 0.5 and 
X^(Sm,Nd,Ce) 0.64 M 
3.5% 
Sn 93H 
XII Ay^d = 9l(l-%Ce) G 
(gT,...,gg) = (-0.1356, 1.5785, 
^ -3. 8826) 
Interaction effect of Nd 
in the ternary system for 
W^'sm + ='Nd' = 
X^(Sm,Nd,Ce) 0.64 M 
3.2% 
Table 13 (Continued) 
No. Model followed by parameter vector Data predicted Avg. error 
less than 
+ 
XIII Ay^e = e 
(h,,...,h.) = (-0.7586, 1.2834, 
0.6870, -5.7577) 
Interaction effect of Ce 
in ternary system for 
X^(Sm,Nd,Ce) 0.64 M 
3.0% 
k H+ k H+ 
XIV aygm = k^H (Nee + k^) 
(k,,...,k.) = (0.9567, 0.006978, 
0.9620, -3.0384) 
Interaction effect of Sm 
in ternary system for 
Xsm/'Xgm + = 0-9 
X^(Sm,Nd,Ce) 0.64 M 
2 . 2 %  
P3H 
XV Ay^d = Pn (1-Nr^) ' e Ce' 
(p,,...,p^) = (-0.02864, 1.3877, 
-3.666) 
Interaction effect of Nd 
in ternary system for 
Xsm/'*sm + - O-S 
X^(Sm,Nd,Ce) 'V 0.64 M 
2 . 8 %  
m_ m_ m.H 
XVI aycg = (l-Nce' = 
(m,,...,m-) = (-0.6074, 1.2247, 
^ 0. 4916, -5. 3225) 
Interaction effect of Ce 
in ternary system for 
Xsm/'Xsm + 'Tad' = 
X^(Sm,Nd,Ce) 0.64 M 
3.0% 
95 
METHODS OF CALCULATION 
Prediction of the Organic Phase for the System 
SmClg-NdClg-HCl-HgO-l M D2EHPA 
A procedure for calculating the organic concentrations 
upon specification of the aqueous phase for the above binary 
system in terms of single-component data will be presented. 
Example 1; 
Given the aqueous conditions for the binary system 
H"*" = 0.6 M 
= 0.64 M 
^sm = = 0-50 
^Nd ~ ^ d^^ 
Calculate the organic concentrations. 
Ht * 
a. Calculate and yg^ from Models II and III respectively 
assuming that all of the rare earths in the aqueous phase 
%p(Sm,Nd) are one element only. 
y^d ° 0-0447 " 
yL = 0-1087 M 
b. Calculate the interaction effects Ayg^ and Ay^^ at 
^ 0.64 M for the binary system using Models IV and V 
respectively. 
Aygjjj = 0.02418 M 
AYjgd ~ -0.01325 M 
c. Utilizing Equation 43, one may calculate the total organic 
molarity. 
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+ yNd(xf ) + ^Ysm + 
= 0.1087(0.5) + 0.0447(0.5) + 0.02418 - 0.01325 
= 0.08763 M 
The experimental value is 0.0873 M. 
d. The composition of the organic phase may be calculated 
employing Equations 15 and 16. An average = 8.8 
may be used in the expression and the calculated above 
, -
^Sm,Nd Sm 
= 0.08763 
(0'5\ 
^ O O \ A C / 8.8 '0.5' 
y„ = 0.07869 M ùm 
The experimental value is 0.07838 M, 
0.08763 
1 + 8.8 (^) 
ywd " 0.008942 M 
The experimental value is 0.00892 M. 
Example 2: 
Given: 
H"*" = 0.6 M 
= 0.11 M 
"sm = 
"Nd = 
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Calculate the organic concentrations 
a. From Models II and III 
Ygm = 0.0908 M 
^Nd 0'0385 M 
b. Calculate the interaction effects Ayg^ and at 
= 0.11 M for the binary system using Models VI and VII 
respectively, 
Ayg^ = 0.01783 M 
AYNd = -0.01168 M 
c. From Equation 43, the total organic concentration is 
= 0.0385(0.5) + 0.0908(0.5) + 0.01783 -0.01168 
= 0.0708 M 
The experimental value is 0.0710 M. 
d. The composition of the organic phase from Equations 15 and 
16 using an average wd ~ 
= 0.06293 M compared to the ideal value of 0.0454 M 
^Nd ~ 0.00787 M compared to the ideal value of 0.01925 M 
The experimental values are 0.06309 M and 0.00791 M 
respectively. 
Prediction of the Organic Phase for the System 
SmClg-NdClg-CeClg-HCl-HgO-l M D2EHPA-Amsco 
At this point, a stepwise calculation procedure will be 
presented for predicting the organic phase upon specification 
of the aqueous phase for the above system. 
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Example 1: 
Given the equilibrium conditions in the aqueous phase for 
the above ternary system, 
H"*" = 0.4 M 
= 0.64 M 
Nee = Xce/X? = 
&d = = 0-81 
^ ^ 0-09; ^Sm^f^Sm ^Nd^ =0.1 
we need to calculate 
= total organic molarity 
yg^ = samarium organic molarity 
y^^ = neodymium organic molarity 
y^^ = cerium organic molarity 
* * * 
a. Calculate Yq^i y^^ and y^^ using Models I, II and III 
respectively. H is the aqueous acidity, and x is the 
total aqueous molarity, X^, assuming all the rare earths 
in the aqueous phase is one element only. 
y^^ = 0.0246 M 
%d ^  0.0446 M 
ysm = 0-1087 M 
b. Calculate the total interaction effect, AY^, for the 
conditions where ^gm^^^Sm ^  ^ d^ ~ 0« 1 and 0.64 M 
by adding Ayg^, Ay^^^ and Ay^,^ which can be predicted by 
Models VIII, IX and X respectively. 
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Ay = 0.01732 M 
Ay^d = -0-008179 
Ay g = -0.000629 
= Ayg^ + Ay^a = 0.008512 M 
Using Equation 52, calculate the total organic concentra­
tion, 
4 + ^Ce'xf' + «T' 
= 0.1087(0.09) + 0.0446(0.81) + 0.0246(0.1) + 0.008512 
= 0.05688 M 
The experimental value for is 0.0574 M. 
Calculate Ygj^/ y^^ and y^^ employing Equations 22, 23 and 
24 respectively. In these relations an average separation 
factor for each pair should be used = 19.5, 
^Sin,Nd ^ 9.06, = 2.16 and the Y^ calculated in 
step c, 
(^) + (>) 
PSm,Nd Sm '^Sm,Ce Sm 
0.05688 
] + _J^ (0-81) . 
9.06 ^0.09' 19.5 ^0.09^ 
yg^ = 0.02774 M. 
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The experimental value is 0.02795 M. 
0.05688 
1 + 9.06(§^) + ^  (Hi' 
%d " 0.02756 M. 
The experimental value is 0.02781 M. 
0.05688 
1 + 19.5 (^) + 2.16 (^) 
y_ = 0.001578 M. 
Ce 
The experimental value is 0.001592 M. 
Example 2: 
Specifying, 
H"*" = 0.616 M 
0.6198 M 
^Ce = *Ce/*T 0 .1097 
^Nd = *Nd/%T 0 .4321 
^Sm = 
II 0 .4582; 
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we need to calculate the organic phase concentrations 
a. As explained in Example 1 
y*g = 0.02326 M 
%d " 0-04271 M 
= 0.1066 M 
b. Since Xg^/(Xg^ + x^^) % 0.5 use Models XI, XII and XIII to 
calculate Ay^^ and Ay^^ respectively 
Ay ^ = 0.02885 M 
AVj^d = -0.010325 M 
Ay^,^ = -0.001184 M 
AY^ = 0.01734 M 
c. From Equation 52, the total organic molarity is 
= 0.08708 M 
The experimental value of Y^ is 0.08629 M. 
d. The composition of the organic phase may be obtained as 
described in Example 1 
yg^ = 0.07800 M 
The experimental value is 0.07744 M, 
^Nd 0.00812 M 
The experimental value is 0.00799 3 M 
y^^ = 0.00096 M 
The experimental value is 0.000 857 M. 
If one specifies a condition where Xg^/^^Sm ^ ^ Nd^ is not 
exactly 0.1, 0.5 or 0.9, it is necessary to calculate the 
interaction effects and total organic molarity using the 
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relations in Table 13 for =0.1, 0.5 and 0.9. 
Once this is done, an interpolation procedure gives the results 
at the desired condition of ^ ^ d^ * 
All the ternary system studies were performed at a total 
aqueous concentration X^(Sm,Nd,Ce)^ 0.64 M. This concentration 
was chosen because the extraction is maximum there for any one 
acidity and thus the interaction effects are larger. However, 
if one wishes to perform a calculation at a different , it 
would be possible to extrapolate from the 0.64 M data. 
This is possible since there exists a characteristic 
parallelism at different total aqueous concentrations which is 
derived from the single-component data and carried through the 
binary and ternary systems. This parallelism is shown in 
Figure 20 for the conditions where = 0.6 M, Xg^/^^Sm ^ ^ d^ 
= 0.5 and at two different X^ (0.11 H and 0.64 M). 
The single-component data may be calculated for any 
acidity and any total aqueous concentration using Models I, 
II, and III. The pure component data allows one to know the 
end-points on the binary system. Knowing the mole fraction of 
Sm on a cerium-free basis and the acidity, the total organic 
concentration, Y^(Sm,Nd)^ = Q 64 M' calculated through 
Equation 43 and Models IV and V. Once Y^(Sm,Nd)y = 0 64 
known then y^(Sm,Nd) _ « n "*^7 be calculated from the i - u. 1 ± 
following relation: 
I I I I 
I- SINGLE - COMPONENT DATA 
H* = 0.6 M 
O Sm 
A Nd 
• Ce 
1 1 1 1 
BINARY SYSTEM Sm-Nd 
H*=0.6 M 
O y-p(Sm,Nd)AT Xj=0.64 M 
A y^Sm, Nd) AT X^=0. II M 
1 1 1 1 
TERNARY SYSTEM Sm-Nd-Ce_| 
H + =0.6M 
Oy^Sm.Nd.Ce) AT X^=0.64M 
PREDICTED yy(Sm,Nd,Ce)Q,| 
y-j. (Sm, 
X^O.64 
?- 0.08 
y^(9m,Nd)j( ^ Q  I  j\. ^  
o 0.04 
IT 0.02 
X-r = O.I 
Xj =0.64 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 
AQUEOUS MOLARITY 
0.0 0.2 0.4 0.6 0.8 1.0 
jMOLE FRACTION OF Sm, Xg^/x_i ~~'"Ce/X 1 FMOLE FRACTION Ce, X, II, 
Figure 20. Comparison of organic molarities for the systems (SmCl^fN^Cl^fCeCl^ 
SmClg-NdCl^fSmClg-NdClg-CeClgl-HCl-HgO-l M D2EHPA-Amsco at 
H"*" = 0.6 M. 
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= 0.64 ~ %d'X^ = 0.64 
. _ . 
= 0.11 ~ ^Nd'x^ = 0.11 
Y^(Sm,Nd) ^ 0.64 ~ ^Nd^X. =0.64 
Î :T . (56) 
Y^(Sm,Nd)^^ = 0.11 ~ ^Nd^X^ =0.11 
Knowing at the two different concentrations, therefore, we 
also know the left end-points on the ternary system. The right 
* 
end-points for y^^ may be obtained from Model I. Again the 
total organic concentration, Y^(Sm,Nd,Ce)^ = 0 64 the 
ternary system at X^ = 0.64 and ^sm'^^^Sm ^Nd^ ~ 0«5 may be 
calculated from Equation 52 and Models XI, XII and XIII at the 
specified and H^. After calculating Y^(Sm,Nd,Ce)^ = 0 64 
and knowing the end-points, we can calculate Y (Sm,Nd,Ce)„ _ 
Q using the following relation: 
Y^(Sm,Nd)^ = 0.64 ~ ^Ce^X^ = 0.64 
Y^(Sm,Nd)^^ = 0.11 " ^ Ce^X^ = 0.11 
Y^(Sm,Nd,Ce) = 0.64 " ^Ce^X^ = 0.64 
Y^(Sm,Nd,Ce)^ = 0.11 " ^ Ce^X^ = 0.11 
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In order to test the above technique for calculating the 
organic concentrations for the ternary system at an = 0.10 
M, two data points were studied and the equilibrium data 
presented in Table 14. 
Example 3. 
Given: 
H"^ = 0. 57 8 M 
0. 1004 M 
^Ce = 0 .0807 
&d = 0 .4138 
^Sm = 0 .506; X Sm' ' Sm *Nd' ' 
calculate organic concentrations. 
a. Calculate the pure component data for the above acidity 
at X^ = 0.11 M and 0.64 M using Models I, II and III 
Xrp = 0.10 Xy = 0.64 
y*  = 0.0224 M y*  = 0.0265 M 
y^a = 0.0408 M y*d = 0.0476 M 
yg^ = 0.0933 M yg^ = 0.1119 M 
b. Calculate Y^(Sm,Nd)j^ = o 64 Equation 4 3 and Models 
IV and V 
Ayg^ = 0.02269 M 
Ay^d = -0.01333 M 
Yp(Sm,Nd)o = (0.119) (0. 55) + 0.0476 (0.45) + 0.02269 
- 0.01333 
Y^(Sm,Nd)Q = 0.09232 M 
Table 14. Equilibrium data and separation factors for the system SmCl^-NdCl^-
CeCl2~HCl-H20-l M D2EHPA-Amsco at 0.10 M total aqueous concentration 
Aqueous phase concentrations Organic phase concentrations 
(moles/1.) (moles/1.) 
No. HCl Total RE Sm Nd Ce Total RE Sm Nd Ce 
1 0.551 0.1082 0.00985 0.04801 0.05034 0.04247 0.02255 0.01378 0.006167 
2 0.578 0.1004 0.05079 0.04155 0.008104 0.07423 0.06124 0.007671 0.0005324 
Separation factors 
^Sm,Ce ^Sm,Nd ^Nd,Ce 
1 18.68 7.98 2.34 
2 18.36 6.53 2.81 
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Calculate Y^(Sm,Nd)Q using Equation 56 
Y^(Sm,Nd)o.io = 0-0408 + (0.09232-0.0476) 
Y^(Sm,Nd)Q = 0.07731 M 
Calculate (Sm,Nd,Ce)q  using Equation 52 and Models 
XT, XII and XIII 
Ay^ = 0.02991 M 
Sm 
AYND == -0.01418 M 
= -0.001078 M 
AY^ = 0.01465 
Y (Sm,Nd,Ce)„ = 0.1119(0.506) + 0.0476(0.4138) 
+ 0.0265(0.0807) + 0.01468 
Y^(Sm,Nd,Ce)Q_g^ = 0.09309 M 
Calculate Y^ (Sm,Nd,Ce) ^ ^ 
Y^ (Sin,Nd,Ce) Q using Equation 57 is 
Y^(Sm,Nd,Ce)„_^„ = 0.0224 + (0.09309-0.0 265) jg; 
Y^(Sm,Nd,Ce)o^lO = 0.0779 M 
The experimental value is 0.0742. 
The calculated value is expected to be slightly higher 
since the results were calculated using the models at 
^ ^ d^ ~ 0.5. In order to obtain a more accurate 
answer, it is necessary to calculate Y^ for ^gm^^^Sm ^  ^ Nd^ 
= 0.1, 0.5 and 0.9 and interpolate to 0.55. 
Calculate the organic composition using Equations 22, 23 
and 24. The 3s obtained in Table 14 will be utilized here. 
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y_ = 0.0687 M 
Sm 
The experimental value is 0.06124 M 
y^a = 0-0086 M 
The experimental value is 0.00767 M. 
= 0.0006 M 
The experimental value is 0.0005324 M. 
It should be noted that if more accurate results are 
required for different X^, more equilibrium data should 
be taken at each concentration and correlated. 
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CONCLUSIONS 
1. The equilibrium curves for the extraction of tri-
valent cerium by D2EHPA from acidic aqueous chloride solutions 
are similar in shape to the other lower lanthanides. 
2. The equilibrium data for CeCl^ may be predicted by 
using an empirical model of two independent variables (acidity 
and aqueous lanthanide molarity). 
3. In the binary system, SmCl^-NdClg-HCl-HgO-l M D2EHPA-
Amsco, the total organic concentration may be predicted by the 
sum of a series of linear terms analogous to Raoult's Law for 
ideal solutions and terms including the interaction effects 
(deviation from ideality). The deviation is due to inter-
molecular interactions between like and unlike ions in both 
phases and may be predicted with an average error of less than 
3.4%. Furthermore, the total interaction effect, AY^, is equal 
to the sum of the individual interaction effects, Ayg^ and Ay^^. 
4. The separation factor, 3g^ for the binary system 
is essentially constant for all conditions studied at different 
acidities, different total aqueous concentrations and different 
mole fractions of Sm in the aqueous phase. The arithmetic 
average of Bsm,Nd ~ 
5. In the ternary system SmClg-NdClg-CeCl^-HCl-HgO-l M 
D2EHPA-Amsco, the total organic concentration, AY^, is a 
function of the aqueous acidity, the total lanthanide aqueous 
concentration, the mole fraction of Ce in the aqueous phase and 
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the ratio of SmiNd in the aqueous phase. At three different 
Sm:Nd ratios, may be predicted by the sum of a linear term 
composed of three partial extractabilities due to ideal 
behavior and a nonlinear term which is a measure of the inter­
action effect (deviation from ideality). 
6. In the ternary system, the separation factor of each 
combination pair of elements remains essentially constant for 
all experimental conditions studied. The arithmetic average 
of the separation factors are 19.5, 9.06 
BNd,Ce ~ 
7. The separation factor of each pair of elements, in a 
system where three elements are extracted simultaneously, 
remains the same as in the case where each pair is extracted 
together, for all conditions studied. 
8. The magnitude of the total interaction effect, AY^, 
for either the binary or the ternary system is directly 
proportional to the total extraction. As the extraction 
decreases, the total organic molarity approaches linearity when 
plotted against the mole fraction of any element in the aqueous 
phase. 
Ill 
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